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Abstract 
Over the last decades, fast urban sprawl and accelerated land use change have drastically increased 
the pressure on water resources of the capital Brasília and its surrounding area. The water supply of 
the metropolitan region of Brasília depends largely on surface water collected in reservoirs. There 
are increasing concerns regarding water shortages due to sediment aggradations, and of water 
quality due to geochemical modification of sediments from human activities. The complexity of 
various socio-environmental problems, such as non-point source pollution, soil erosion or silting of 
water reservoirs within urban catchments evoked the need for more effective and sustainable 
strategies to use land and water resources. Accurate identification and management of sediment 
source areas, however, is hampered by the lack of reliable information on the primary sources of 
sediment and on sediment geochemistry. 
The fingerprinting approach and a multivariate mixing model have been proven to be a valuable 
sediment source tracing technique across the globe and for various environmental settings. A multi-
component methodology, including geochemical and geophysical analyses of representative 
sediment source and alluvial sediment samples, statistical analyses and a multivariate mixing model, 
was utilized to obtain the impact of different anthropogenic activities on sediment and water quality 
and to identify the major sources of sediments within the Lago Paranoá catchment. However, 
sediment source appointment and geochemical signatures of sediments in urbanized tropical 
regions, such as the Lago Paranoá catchment in the DF, are hampered by severe challenges; (i) the 
presence of various types of land use and heavy urbanized areas, (ii) large differences between sub-
catchments and (iii) model structural failures in representing the sediment source contribution within 
urban tropical river basins. The present cumulative thesis addresses the challenges in geochemical 
analyses of different types of source and alluvial sediments, and in sediment source appointment for 
the Lago Paranoá catchment and it´s five sub-catchments. The aim of the study was to assess the 
distribution of chemical elements and geochemical/physical properties of potential sediment sources 
in the Lago Paranoá catchment. Principal component analysis and hierarchical cluster analysis were 
used to investigate the influence of different land use types on the geochemistry of sediments. 
Geochemical fingerprints of anthropogenic activities were developed based on the results of the 
cluster analysis grouping. The anthropogenic input of land use specific geochemical elements was 
examined and quantified by the calculation of enrichment factors using the local geological 
background as reference.  
The existing findings suggest a strong relationship between land use and quantifiable features of 
sediment geochemistry, and identified the combined effects of specific anthropogenic activities and 
metal enrichment in source and alluvial sediments. Through comparison of the geochemical 
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signature of potential sediment sources and alluvial sediments of the Lago Paranoá and sub-
catchments, the relative contribution of land use specific sediment sources to the sediment 
deposition of the main water reservoir were estimated. This assessment indicated that urban land 
use had the greatest responsibility for recent silting in the Lago Paranoá.  
In fact, one of the most challenging issues within the scope of IWRM is to quantify the contribution of 
sediment sources within fast urbanizing, mixed used, tropical catchments. Therefore, statistically 
verified composite fingerprints and a modified multivariate mixing model have been used to identify 
the main land use specific sources of sediment deposited in the silting zones of the Lago Paranoá, 
Central Brazil. Because of the great variability of urban land use types within the Lago Paranoá sub-
catchments, the fingerprinting approach was additionally undertaking for the Riacho Fundo sub-
catchment. This sediment source tracing technique provides valuable information on the response of 
the main sediment sources in a fast growing agglomeration with respect to specific land uses and 
human activities and allowed to examine the uncertainty in model prediction. The main contributions 
from individual source types (i.e. surface materials from residential areas, constructions sites, road 
deposited sediment, cultivated areas, pasture, farm tracks, woodland and natural gullies) varied 
between the whole catchment and the Riacho Fundo sub-catchment, reflecting the different 
proportions of land uses. The sediments deposited in the silting zones of the Lago Paranoá originate 
largely from urban sources (85±4%). Areas with (semi-) natural vegetation and natural gullies 
contribute 10±2% of the sediment yield. Agricultural sites have only a minor sediment contribution of 
about 5±4 % within the whole catchment. However, there is no mechanism considered to reflect 
seasonality in the tropics, e.g. phenological change of the vegetation between wet and dry season, or 
and temporal changes in land use, e.g. construction sites, which influence model estimates. 
Nevertheless, the study reveals that even 58 % of the land remains in (semi-) natural state, the main 
sediment source are urban areas.  
Beside the analyses of sediments, it was found that metal concentrations in surface water of the 
main tributaries to the Lago Paranoá are generally low, but show seasonal variability. Terrestrial 
inputs of metals occur during the rainy season and depend largely on the influence of urban land use.  
The present thesis shows the great influence of anthropogenic activities on sediment generation, and 
at least to some degree, on sediment associated pollution loads. It depicts region specific challenges, 
but also provides essential information to guide management responses towards more effective 
sediment source-reduction strategies.  
 
 
 
 
vi 
 
Zusammenfassung 
Im Gebiet des Bundesdistrikts Brasilien ist ein erheblicher Druck auf die Wasserressourcen zu 
beobachten, der vorwiegend durch starkes Bevölkerungswachstum, ungeplante Suburbanisierung 
und Landnutzungsänderungen innerhalb der letzten Jahrzehnte ausgeübt wird. Die 
Wasserversorgung der jungen Hauptstadt Brasília und seiner suburbanen Räume wird im 
Wesentlichen durch in Stauseen gesammeltes Oberflächenwasser gewährleistet. Durch die 
voranschreitende Ausdehnung von urbanen und landwirtschaftlichen Flächen spielen insbesondere 
Sedimenteinträge in die Stauanlagen sowie sedimentgebundene Stoffbelastungen durch 
anthropogene Aktivitäten für die verfügbare Wasserquantität und Wasserqualität eine bedeutende 
Rolle. Damit verbundene negative Umweltauswirkungen sowie die daraus resultierenden 
sozioökonomische Konsequenzen erfordern daher dringend wirksame und nachhaltige Strategien im 
Land-und Wasserressourcenmanagement. Eine deutliche Minimierung der Sedimenteinträge und 
Stoffbelastungen in das Gewässernetz sind jedoch nur mit Kenntnis der Primärquellen von 
Sedimenten und der Sedimentgeochemie zu erreichen. Der "Fingerprinting"-Ansatz und der Einsatz 
eines "Multivariate Mixing-Modell", sind geeignete Werkzeuge um den Einfluss anthropogener 
Eingriffe in das landschaftsökologische Prozessgefüge der Sedimentgenerierung zu klären. Die 
vorliegende kumulative Dissertation zeigt dies anhand der Anwendung einer Multikomponenten-
Methodik. Diese beinhaltet sowohl geochemische und geophysikalische Analysen repräsentativer 
Sedimentproben der Sedimentquellen und der finalen Senken (Auenbereiche und Bereiche der 
Zuflüsse zum Lago Paranoá) als auch umfassende statistische Analysen sowie die Anwendung eines 
modifizierten "Multivariate Mixing-Modells". Der Einsatz der "Fingerprinting" Methodik in urbanen 
Einzugsgebieten der wechselfeuchten Tropen, wie das des Lago Paranoá in Zentralbrasilien, ist 
jedoch mit erheblichen Herausforderungen verbunden. Das betrifft insbesondere die Heterogenität 
der Landnutzungstypen innerhalb einer Landnutzungsklasse (urban, landwirtschaftlich, semi-
natürlich) und die Unterschiede der Landnutzungsanteile zwischen den einzelnen 
Teileinzugsgebieten als auch modelstruktureller Unzulänglichkeiten bei der 
Sedimentherkunftsberechnung für urbane Einzugsgebiete.  
Eine Hauptkomponentenanalyse und hierarchische Clusteranalyse wurden verwendet, um den 
Einfluss der verschiedenen Landnutzungstypen auf die Geochemie der Sedimente zu untersuchen. 
Geochemische Fingerprints verschiedener anthropogener Aktivitäten wurden auf der Grundlage der 
Ergebnisse der Clusteranalyse ("grouping") entwickelt. Die Berechnung von Anreicherungsfaktoren 
("Enrichmentfactors") auf Basis der gemessenen Elementgehalte, mit dem lokalen geologischen 
Hintergrundwerten als Referenz, ermöglichte die Quantifizierung des Einflusses der verschiedenen 
Landnutzungen auf die Metalleinträge in die Sedimente. Die vorhandenen Ergebnisse legen nahe, 
dass eine direkte Beziehung zwischen Landnutzung und quantifizierbarer Merkmale der 
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Sedimentgeochemie existiert. Ein Vergleich der geochemischen Signatur potentiellenr 
Sedimentquellen und mit jenen der alluvialen Sedimente unterstützt die Hypothese, dass urbane 
Gebiete einen beachtlichen Beitrag zur Sedimentgenerierung und zur Sedimentablagerung in den 
Auen- und Zuflussbereichen des Lago Paranoá leisten. Da diese relative Betrachtung von 
Elementzusammensetzungen der Sedimente keine quantitativen Aussagen zur Bedeutung der 
einzelnen Sedimentquellen zulässt, wurden statistisch verifizierte "composite fingerprints" und ein 
an urbane Bedingungen angepasstes, modifiziertes multivariate mixing-Modell (Hybrid) entwickelt 
und angewendet. Die Modellberechnungen erfolgten für das gesamte Einzugsgebiet des Lago 
Paranoá und separat für das Riacho Fundo Teileinzugsgebiet. Die Modellschätzungen zeigten, dass 
die in den Verlandungszonen des Lago Paranoá abgelagerten Sedimente vorwiegend aus urbane 
Räumen (85 ± 4%) generiert wurden. Dahingegen stammen nur 10 ± 2% der Sedimente aus Gebieten 
mit (semi-)natürlicher Vegetation, obwohl 58 % der gesamten Einzugsgebietsfläche des Lago Paranoá 
stets (semi-)natürliche Verhältnisse aufweisen. Landwirtschaftliche Gebiete haben generell nur einen 
geringen Anteil von etwa 5 ±4% am Sedimenteintrag. Die Unterschiede in den Sedimentbeträgen 
sowohl zwischen den verschiedenen Sedimentquelltypen als auch zwischen den einzelnen 
Teileinzugsgebieten scheinen maßgeblich von den Flächennutzungsanteilen (urban, 
landwirtschaftlich, semi-natürlich) in dem jeweiligen Teileinzugsgebiet abhängig zu sein. Trotz 
umfassender Probennahme, Probenanalytik, Modellanpassung und Unsicherheitsanalyse sind die 
Ergebnisse nur für den Beprobungszeitraum, für die analysierte Stoffgruppe (organische 
Stoffeinträge sind im Rahmen dieser Dissertation nicht erfasst) und für die ausgewählten Lokalitäten 
repräsentativ. Zeitliche Einflussgrößen wie die Saisonalität in den Tropen oder Änderungen der 
Landnutzung, wie z.B. temporäre Baustellen, konnten mit den hier verwendeten Methoden nicht 
erfasst werden. Um die hohe räumliche und zeitliche Variabilität der Sedimentdynamik und eine 
deutliche Minimierung der Sedimenteinträge in das Gewässernetz zu erzielen, sind demnach die 
Einrichtung und der Betrieb eines langfristigen Monitoring-Netzwerkes für Sedimente im 
Einzugsgebiet des Lago Paranoá von hoher Priorität.  
Die vorliegende Dissertation gibt neue Einsichten und Aspekte hinsichtlich der geochemischen 
Beeinflussung von Sedimenten durch anthropogene Aktivitäten und liefert erstmalig quantitative 
Aussagen zu den Sedimentquellgebieten im Einzugsgebiet des Lago Paranoá. Sie stellt 
regionsspezifische Herausforderungen heraus, liefert gleichzeitig aber auch wichtige Informationen 
zu den Sedimentbelastungen und –einträgen, und damit einen wichtigen Beitrag als 
Entscheidungsunterstützung im Rahmen eines Sedimentmanagementplans.  
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1 Introduction 
1.1 Sediments in urbanized river basins: impact of land use changes on sediment dynamic and 
geochemistry 
Sediments in rivers and water reservoirs are natural parts of hydrological channel systems. Rivers are 
recognized in a way as a conveyer belt that transports material from the place of origin to the ocean, 
depositing some of its sediment along the way trying to find a state of equilibrium in a continuously 
changing environment. These natural processes of erosion, deposition and transport of sediment in 
river and channel systems, however, can pose serious problems for policy-makers and river 
managers, who need to address issues such as dredging, soil erosion, silting of water reservoirs, flood 
control and water quality. Humans have always made adjustments to the environment they live in; 
be it through utilizing the land through agriculture or by constructing roads, houses or even through 
canalization of rivers or building dams. As a consequence of these anthropogenic interventions many 
river basins have been subjected to the river basin syndromes (Meybeck, 2003) (Fig. 1.1). 
 
Fig.1.1: Common global river basin syndromes due to human modification of the natural 
environment. (Figure adapted from Newton et al., 2012). 
These adjustments have increased or reduced the amount of runoff water, concentrated its flow, 
and/or have altered the natural resistance to flow and sediment movement. Such changes in the 
amount of natural flow and in the conveyance systems are the key to sediment problems. Thus 
pollution by sediment has two major dimensions: (1) the physical dimension is addressed to top soil 
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loss and land degradation by gully and sheet erosion. The consequences are excessive levels of 
turbidity in receiving waters, as well as off-site ecological and physical impacts from deposition in 
river and lake bed. (2) The chemical dimension comprise sediment particles as carrier of adsorbed 
chemicals, particularly most metals, phosphorus and chlorinated pesticides, which are transported by 
sediment into the aquatic system (FAO, 1996). There is increasing awareness of the wide ranging 
environmental significance of enhanced sediment mobilization, delivery and sediment associated 
pollution loads to river systems. High erosion rates and sediment concentrations force soil 
degradation and silting of water reservoirs. Beside this concerns health and feeding of aquatic 
organisms can be seriously affected, which contributes to the loss of diversity and dysfunction of 
community structures (Carpenter et al., 1998; Collins et al., 2010; Mainstone and Parr, 2002; Berry et 
al., 2003). Therefore reliable information on sediment sources and their relative contribution to 
downstream sediment fluxes has always been of primordial importance as it allows the calculation of 
sediment budgets and gives indications on the changing nature of the river system due to 
anthropogenic activities. Also reliable information of anthropogenic influence on the sediment 
geochemistry is of vital importance, if river basin management problems are to be addressed (Collins 
et al., 2001; Collins and Walling, 2004; Evans et al., 2006).   
Urbanization is known to produce numerous changes in the natural environment (Jacobson, 2011). 
Today over 50% of the global population live in urban areas, with this value set to increase (UNFPA, 
2007). While the urbanization process is slowing down in developed countries, urbanization and 
expansion of urban areas is still increasing in the developing world, particularly in China, India and 
South America. An increase of about 50% in the annual sediment yield in watersheds is assumed to 
be caused by human activities in (tropical) watersheds, particularly due to urban development 
(Nelson and Booth, 2002; Nagle, 1999). As such, urban areas are characterized by a high degree of 
modification of the physical, chemical and biological ecosystem, resulting from civil construction on 
large scale. The nature of human made, often imperious, land surfaces and heavily engineered water 
systems results in sedimentological and hydrological processes in urbanized basins which contrast 
significantly to those within more natural environments. Additionally, the abundance of 
contamination sources in urban systems results in chemical pressures often manifested as high 
pollution loadings and concentrations (Duh et al., 2008; Horowitz and Stephens, 2008; Laidlaw and 
Filipeli, 2008; Wong et al., 2006), which in turn pose an increased physical and chemical load on 
surrounding water bodies, sediments and soils. Within the anthropogenic sediment cascade (Fig.1.2) 
these pollutants alters the associated ecosystem and leaves a record of disturbance in the sediments 
of the water body, and have serious impacts on human and biotica health (Charlesworth and Foster, 
1993). Therefore, within urban areas sediments have an important role with regard to the silting of 
water reservoirs and to contaminant transfer into the water bodies.  
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Sediments in catchments with predominantly urban land use can be broadly divided in two main 
categories: sediments deposited upon surfaces and acted principally by sub-aerial processes and 
sediments, which are deposited and transported in aquatic environments, including rivers, canals 
and docks (Taylor and Owens, 2009). These different sub-systems are linked through the high 
dynamic sediment cascade (Fig.1.2). The transport of sediments within mixed used watersheds is 
complex and influenced by several parameters. Pathways that sediments take from sources to water 
bodies and the rates of sediment transport are dependent on the proportion of different land uses 
(urban, agricultural, natural areas) and divergence from the natural conditions. The modification of 
natural sediment fluxes and storage volumes due to impervious surfaces, construction activities or 
agricultural production are individual features of each catchment.  
 
Contaminat sources Sediment sources
Road-deposited
sediment (RDS)
Mixing
Anthropogenic activities
Deposition Mobilization/Transport Climatic
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accumulationSilting
Chemical changes
Cleaning/ removel
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docks or lakes
Dissolution of grains
and Fe/Mn oxides Early diagenesis
Growth of authgenic minerals; 
sink for contaminants
Fig.1.2: The sediment cascade of river basins with anthropenic impact. Main sediment sources, 
transfer pathways, interactions, storage features and influencing parameters of sediment 
modification and sediment associated contaminants. Figure adapted from Taylor (2007).   
Non-point source pollution has been recognized as a significant source of surface water quality 
problems (Nelson and Booth, 2002). Among the most pervasive of these pollutants is sediment 
eroded from the landscape, either from anthropogenic or natural sources. Traditionally concerns 
about the impact of accelerated rates of soil erosion due to land clearance and poor land 
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management has focussed on on-site effects, like soil degradation resulting in reduced crop 
productivity or even the destruction of soil resources, mainly in rural settings (e.g. Evans and 
Boardman, 1994; Lal, 1996, 1998a). Beside the natural conditions, like climate and geomorphology, 
the sediment dynamic within agricultural areas are largely controlled by the type of agricultural 
production (crop species, soil tillage), fracturing and size of lots and  by the establishment of erosion 
protection elements (green strips, terraces). 
Currently increased attention has been directed to the more important off-site effects within 
urbanizing watersheds. Due to anthropogenic activities, like civil construction, transportation, 
deforestation, agriculture as well as mining, the supply of sediments to the river channel systems and 
water reservoirs has reached dimensions, which caused economically issues and costs and required 
more effective sediment control strategies within urban settings (Nagle, 1999). Additional to the 
problem of sediment as material, the geochemistry of sediments within urbanized watersheds are 
fundamental influenced by anthropogenic activities (Taylor and Owens, 2009; Horowitz and 
Stephens, 2008; Horowitz et al., 2008; Horowitz, 2008; Carter et al., 2006; Widianarko et al., 2000; 
Reimann and Caritat, 2005), and might pose a serious risk on water and soil quality.  
1.2 Sources of sediments and associated contaminants within urbanized catchments 
Within mixed used river basin sediments are originating from natural sources and from sources, 
which are a direct result of anthropogenic activities. Natural sediment sources are atmospheric dust 
deposition and wind eroded particles, mass movements, such as debris flows or landslides, and 
erosion of soils by water. Furthermore sources associated with the river channel system include 
erosion of channel banks by lateral migration (defined as part of the river channel as it narks the 
boundary of the river channel and lies within its floodplain), and floodplain deposits by overbank 
flows during flooding events. These source types are distinct from channel bank erosion; re-
suspension of channel bed sediment as a result of changing flow conditions and, erosion of cliffs in 
coastal areas, which is particularly relevant in lower parts of the river basin below the tidal limit 
(Taylor et al., 2008). There are many anthropogenic activities that influence sources, pathway and 
fluxes of sediment within catchments. Generally two main activity types can be divided, which have 
an impact on sediment dynamic: (i) land use change, such as urbanization, agriculture and 
deforestation, and the effects of fires and, (ii) river engineering, including impoundments, reservoirs 
and in stream gravel mining (Taylor et al., 2008).  
Land use change, like urban development and agriculture, produce several point and non-point 
sources of sediments and associated contaminates (Tab.1.1). Urban areas are highly engineered 
environments. Different types of urban development give rise to unique sediment and contaminant 
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sources. Some of the most significant anthropogenic impacts, which accelerate natural erosion rates 
and increase the supply of sediment to surface water, include construction activities, like housing 
and road network development due to the exposure of ground and soils (e.g. Wolman and Schick, 
1967). Infrastructural developments, such as impoundments, including dams, water reservoirs and 
artificial lakes disturbed the continuity of river systems, particularly their sediment load, by 
disrupting the conveyor belt of sediment transport from source to sink. All bedload sediment and 
main parts of the suspended sediment yield are trapped by water reservoirs and artificial lakes. 
Sedimentation and silting of reservoirs cause a gradually reduction of impoundment capacity and 
poses serious problems for water management (Taylor et al., 2008). Additionally, eutrophication and 
contaminant fluxes from underlying sediment can affect water quality. However, sediment supply in 
heavily urbanized areas with high proportion of land sealing is limited.  
Within urban land use dominating catchments, road deposited sediments (RDS), which are defined as 
accumulation of particulate matter on street surfaces (Sutherland, 2003; Taylor and Owens, 2009), 
are the main source of sediment. RDS are originating from both anthropogenic and natural sources. 
Anthropogenic sources comprise vehicle exhaust emissions, vehicle tyre and body wear, brake-lining 
material, building and construction materials, road paint, road salt and pedestrian debris, while 
natural sources include soil particles, plant and leaf residues, and atmospheric deposition, including 
particles, which may derived from outside of the river basin (e.g. Beckwith et al., 1986; Hopke et al., 
1980; Lecoanet et al., 2003; Robertson et al., 2003; Thorpe and Harrison, 2008; Xie et al., 1999). The 
most important component of RDS comes from soils and building materials (Hopke et al., 1980). RDS 
characteristically possesses high concentrations of metals (e.g. Charlesworth et al. 2003; Franz et al., 
2013a; Robertson et al. 2003; Robertson and Taylor, 2007; Thornton et al., 1994). Urban sediments, 
including RDSs, are significant enriched in Pb, Zn and Cd, due to petrol combustion, corrosion of 
vehicle parts and building materials (Duggan and Williams, 1997; Carraz et al., 2006; Hamilton et al., 
1984; Franz et al., 2013; Thornton et al., 1994, Robertson et al., 2003). Most of the metals are 
associated particularly with Fe- and Mn-oxides (reducible fraction). Therefore, contaminant mobility 
on street and other impervious surfaces within urban areas are generally low (e.g. Robertson et al., 
2003; Stone and Marsalek, 1996; Taylor and Owens, 2009).  
However changes in pH and redox potential as a result of sediment-water transport or deposition in 
alluvial and aquatic sediments, might remobilize sediment associated contaminants. The 
contaminant loading and hydraulic sediment delivery are heterogeneously distributed relative to the 
grain size composition of the sediment. Usually finer particles (< 63 µm, silt and clay fraction, organic 
matter) provide greater surface area for metal sorption and typically are mobilised from the road 
network or constructions sites and exported towards the river channel system (Droppo et al., 2006; 
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Sutherland, 2003). However, for some contaminants, greater concentrations are associated with the 
coarser fractions (> 63 µm, sandy fraction) (Sutherland et al., 2007). Commonly, finer sediment are 
related to industrial areas, while coarser sediment is associated with commercial and residential area 
of an urban dominated river basin (Droppo et al., 2006). Therefore, this separation and processes 
acting of sediment associated contaminants have important means to management and pollution 
abatement of urban sediments and surface water. Additionally, the sediment dynamic and the 
contaminant load within an urbanized river basin are largely depended on the natural geological 
conditions, including the variability of grain size fractions in the sediments, surface topography as 
well as seasonal weather patterns of a region (Robertson and Taylor, 2007).  
1.3 Sediment issues in the tropics 
In the tropics sediment dynamic and erosion trends are largely dependent on the extent of 
anthropogenic disturbance. Thus, some areas in tropical regions display low actual erosion rates by 
water, if the effective natural protection provided by vegetation is undisturbed. Therefore, the 
erosion potential is severe and manifested upon disturbance of natural vegetation because of 
aggressive precipitation characteristics (El-Swaify et al., 1982).  
Population growth, expansion of urban development, and agricultural production are driving forces 
for increased soil erosion, sediment yields and pollution loads in aquatic systems (Walling, 1997). 
Sedimentation in rivers and water reservoirs of the humid and semi-arid tropics is one of the most 
important factors in reducing of water available for use. In general, soil erosion can be very severe 
due to the high erosivity of rainstorms (high intensities, large drop sizes and strong accompanying 
winds) and predominantly highly-weathered soil profiles (Lal, 1993). Thus, when land is cleared of its 
natural vegetation or disturbed due to infrastructural development, bared soils are submitted to 
erosion, which in turn generates excessive amounts of eroded material. It is proved, that there is a 
strong link between suspended sediment yield and mode of runoff generation with regard to 
anthropogenic land disturbance. Areas with prevailing vertical flow paths are likely to produce less 
sediment, whereas lateral, near-surface flow paths deliver more sediment (Douglas et al., 1992; 
Malmer, 1996; Chappell, 2004; Sidle et al., 2006; Zimmermann et al., 2012). Rapid run-off carries the 
debris into the river and/or channel systems and transports it downstream as sediment.  
In tropical regions soil erosion, sedimentation and degradation of aquatic systems are traditionally 
associated with deforestation and poor agricultural practices (FAO, 1996). Agriculture and 
construction projects are the major contributor of sediment (Ryan, 1991). Extractive industries, 
mining, gravel extraction and various other activities contribute to a variable extend depending upon 
the control methods used.  
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However, in the past decades rapid urbanization in many tropical countries, like Brazil or Southern 
Asia, has resulted in the destruction of large areas with natural vegetation, particularly in the urban 
fringe areas (Bonell et al., 2005). Increasing population pressure in terms of housing, infrastructure 
and food requirements has stimulated the expansion of agricultural areas, the development in the 
fringes and in environmentally-sensitive areas around the cities. High suspended sediment loads and 
levels of sedimentation in the tropics caused the physical disruption of the hydraulic characteristics 
of river channel systems. These modificationsin turn had serious impacts on navigation through 
reduction in depth of the channel, and often lead to increased flooding due to reductions in capacity 
of the river channel to efficiently route water through a drainage basin. For example, calculations of 
erosion and sediment transport in the Sao Francisco River Basin in eastern Brazil, demonstrated that 
the central portion of the river basin is now dominated by sediment deposition (UFRGS, 1991). 
Among other consequences this has resulted in serious disruption of river transportation, and clogs 
hydraulic facilities which have been constructed to provide irrigation water from the main river 
channel.  
Many river basins have been impacted by intense human activities along their courses, including the 
presence of several cities, industries, mining and various dams. Particularly in the tropics, many 
reservoirs which have been established for hydroelectric power, urban water supply and irrigation 
have accumulated alarmingly higher levels of sediment than expected (Wolancho, 2012). In this 
context pressing economic needs for drinking and irrigation water supply or hydroelectric power, 
many dam projects have been implemented with sparse consideration of the risk for rapid 
sedimentation of reservoirs (Dunne, 1988). For Brazil a total sediment flux of about 610 * 106 t year- 
and an increase in the sediment yield of about 4500 times since the 1960s is reported, mainly as a 
result of land use change (Lima et al., 2005; Walling and Webb, 1983; Ostry, 1982).  
There is growing need to design and implement improved land management strategies, which aim at 
reducing sediment mobilization and transfer to water courses in the tropics (Minella et al., 2008). In 
Europe, control of soil erosion and sediment delivery has been increasingly identified as a key 
requirement under the Water Framework Directive. This legislative efforts aim to restore river 
systems to a condition commensurate with ´good ecological status´ (Brils, 2005; Owens and Collins, 
2006). Likewise, in most developing countries of the tropics similar or even higher pressure exist to 
reduce sediment dynamic. Beside already implemented traditional soil conservation practices with 
the focus on off-site effects, such as the installation of buffer strips, there is a need for sediment 
control programs on catchment scale. Since the ultimate aim of erosion and sediment control 
programs is to reduce down stream sediment fluxes and reservoir siltation. Therefore, several 
studies have investigated sediment budgets and the most important sediment sources in rural 
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settings (e.g. Walling and Woodward, 1992; Collins et al., 1997; Wallbrink et al., 1998; Walling et al., 
1999; Rowan et al., 2000; Collins and Walling, 2002; Walling, 2005; Minella et al., 2008; Collins et al., 
2013; Smith et al., 2013; Theuring et al., 2013). In general, cultivated top soils are the main source of 
sediment. Significant rates of sediment mobilization from pasture areas are also reported, which are 
likely to reflect the increased stocking densities of cattle (e.g. in Brazil and Argentina) (Carvalho and 
Batello, 2009), goats (e.g. in tropical Africa) (FAO, 1991), and sheep (e.g. in Australia) (Betteridge et 
al., 1999). Particulate matter, which is mobilized from agricultural areas, typically leaves the fields via 
gateways, wheeling and farm tracks and are subsequently routed to the hydrological channel 
network (Collins and Walling, 2007). Therefore, many agricultural areas in the Tropics have already 
usefully benefit from the introduction of best management practices, such as conservative crop 
cultivation/rotation; permanent vegetation, silt fences, sediment traps, filter strips or riprap and may 
further profit from application of more conventional erosion survey instead of single, mainly local 
erosion precautions (UNCCD; 2009).  
However, less research has been done in complex tropical urban watersheds (e.g. Carter et al., 2003; 
Devereux et al., 2010; Franz et al., 2013; Poleto et al., 2009), although information on sediment 
mobilization in response to different land management practices are essential to develop effective 
sediment management and control policies in the tropics. It is suggested, that the proportion of 
sediment from urban sources will increase steadily and may overtake the total agricultural yield at a 
not very advanced stage of urbanization (Wolman and Schick, 2010). Urban areas have generally 
different sediment problems than rural areas. Of all water-related problems in the tropics, the 
sedimentation of water reservoirs may be one of the most economically threats in the near future, 
because of large investments in dam projects for hydroelectric power, drinking and water supply for 
an increasing population and for irrigation (Harden, 1993; Nagle et al., 1999).  
Beside the physical sediment problems in the tropics, in terms of soil erosion, high sediment loads in 
stream ecosystems and sedimentation of reservoirs, increasing chemical problems of sediments are 
recognized (e.g. Abessa et al., 2008; Fernandes et al., 1994; Franz et al., 2013a; Gioia et al., 2006; 
Hudson-Edwards, et al., 2001; Hylander et al., 2000; Jordão et al., 1997; Lacerda and Molisani., 2006; 
Machado et al., 2002; Martínez and Poleto, 2010; Moreira, 1996). Sediments in many tropical river 
basins and coastal systems, which are surrounded by urbanized and industrialized areas, contain high 
high amounts of sediment-bounded contaminants. Particularly enrichments of particulate nutrients, 
heavy metals, persistent organochlorines, butyltin compounds and polycyclic aromatic hydrocarbons 
in sediments and aquatic systems have led to a human health hazard as well as a deterioration in 
environmental quality (e.g. artificial eutrophication of water bodies) in South Asia and South America 
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(e.g. Caldas et al., 1999; Kan-Atireklap et al., 1997; Kehrig et al., 2003; Ramesh et al., 1992; Zheng et 
al., 2002).  
In Brazil most of the research has focused on the pollution and effects of human activities in aquatic 
environments. For example, several studies on sediment pollution in tropical rivers (e.g. Sakan et al., 
2009), water reservoirs (Mozeto et al., 2012) and in estuary environments, such as the Guanabara 
Bay in the Rio de Janeiro State, Brazil (Kehrig et al., 2003), investigated very high heavy metal 
enrichments, partly in toxic concentrations. Few studies exist about metal enrichments in source 
sediments and the influence of different anthropogenic activities on sediment geochemistry within 
urbanized river basins. Franz et al. (2013), Moreira and Boaventura (2003) and Maia et al. (2006) 
found significant influence of urban land use on Pb, Sr, Cd, Zn and Cu concentration in sediments, 
exceeding the prevention values of the national institution CETESB (Companhia de Tecnologia de 
Saneamento Ambiental) for health security at some sites within the urban river basin of the capital 
city Brasilía.  Additionally, serious contamination of sediments and water systems with organochline 
pesticides have been reported mainly caused by the runoff of chemicals applied in agricultural areas 
(Dianese et al., 1976; Gold-Bouchot, 1995; Caldas et al., 1999). 
Information of major sediment sources, including point and non-point pollution, and a realistic 
assessment of human influence on sediment geochemistry are essential for carrying out effective 
pollution and sediment management strategies on river basin scale. 
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Tab.1.1: Overview of sources of sediment and associated contaminants within mixed used river basins 
(adapted from Taylor et al., 2008). 
Material/ contaminant Sources  
 
 
Sediment/ soils  
(organic and inorganic) 
Land erosion, atmospheric deposition, inputs from tidal areas and 
coastal zone during tidal cycle 
Urban areas Agricultural / rural areas 
Erosion from construction sites, 
residential and commercial areas, 
channel banks, urban road 
network (RDS) 
 
Erosion from cultivated top 
soils due to tillage and 
intensive crops, from farm 
tracks and pasture 
 
 
Metalls and metalloids (including 
trace and heavy metals)  
Geology, weathering, soil development 
 
Mining, industry, sewage 
treatment, urban runoff 
(weathering of building materials, 
road network, automobile use 
 
Pesticide use (Cu), 
agricultural machinery 
 
Nutrients (P, N, Corg) 
Urban runoff (waste residues, 
detergents), waste water and 
sewage treatment 
Agricultural runoff (fertilizer, 
plant residues) 
Organic compounds (pesticides, 
herbicides, hydrocarbons, PCBs, PAHs, 
dioxins) 
Urban runoff (plastics, dye, 
cosmetics, plasticizer), sewage, 
combustion, landfill, industry 
Agricultural production, use of 
pesticides, herbicides 
 
Xenobiotica and antibiotics 
Pharmaceutical products, sewage 
treatment works, industry 
Agriculture (crop protection 
products, chicken and cattle 
farming) 
 
Radionuclides 
(137Cs, 129I, 239Pb,  239Pu, 90Sr, 230Th, 99Tc) 
Geology (weathering of bedrock) 
 
Nuclear power industry, millitary, 
medical technology/ application 
Agriculture (secondary source, 
Uranium in phosphatic 
fertilizers) 
 
1.4 Research area 
The Federal District with the capital Brasília is situated in Center-West region of Brazil and covers an 
area of approximately 5,790 km². The region is part of the Planalto Central at an altitude between 
850 m and 1,300 m above sea level, which is characterized by extensive plateaus and rolling 
landscape (Oliveira and Marquis, 2002) (Fig.1.3). Geological environment is represented by Meso- to 
Neoproterozoic lowgrade meta-sedimentary rocks, mostly pelitic, psammitic and carbonatic, 
belonging to the Canastra, Paranoá, Araxá and Bambui groups. The Paranoá Group is the dominating 
geological unit exposed in the area. Sediments stem mainly from lateritic crusts and saprolite of 
schists, quartzites, and metamorphic silt stones of the Paranoà-Canastra-Group (Freitas-Silva and 
Campos, 1998) (Fig.1.3). In general, soils consist of intensive and deep weathered material and in 
some areas bedrock or laterite layer reaches the surface. The most common soil types are highly 
weathered latosols (latosolo vermelho and latosolo vermelho amarelo) (EMBRAPA, 1978; Ratter et 
al., 1997), developed from silicate based rock types (Fig.1.3). Earth alkali ions as well as silica are 
leached out and minerals resistant to weathering like aluminium and iron oxides are enriched 
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(Scheffer and Schachtschabel, 2002). The concentrations of aluminium in soils are extremely high, 
resulting in being toxic for some cultivated plants, whereas native species have developed 
adaptations to resist the toxicity, for example by the accumulation of aluminium in their tissues. 
The region belongs to the Outer Tropics (Aw climate after Köppen, 1918). The climate is 
characterized by two distinct precipitation periods: a dry winter (May to September) and a rainy 
summer season (October to April, 84 % of the total annual precipitation), with a mean annual 
precipitation (MAP) of 1,600 to 1,700 mm and a mean annual temperature (MAT) of 20 to 21° C 
(Moreira, 2003; WMO, 2010). According to the two precipitation periods, air moisture ranges 
between over 70 % (rainy season) and 12 % (in the end of the dry season, August and September) 
(CODEPLAN, 1984).  
The research area is located in the cerrado-biome, the tropical savanna ecoregion of Central Brazil 
(Fig.1.3). The Brazilian cerrado is one of the biologically richest of all tropical savanna regions and 
special characteristics such as a widespread physiognomy, the soil conditions and the particular role 
of seasonal fire forms a unique ecoregion. The cerrado vegetation shows a heterogeneous canopy 
cover and comprises a shifting mosaic of savanna-like cerrado with different height (up to 20 m) and 
density of trees, ranging from dense forest areas to nearly treeless grassland with only few or no 
shrubs. The main habitat types of the cerrado on well drained areas include forest savanna, wooded 
savanna, park savanna and gramineous-woody savanna, as well as grassland (campo) (Ratter et al., 
1997). Savanna wetlands and gallery forests (mata galeria) occur along streams (Vieira et al., 2010; 
Ratter et al., 1997). An extraordinary diversity of plant species (about 10,000), mammals (200) and 
endemic birds qualify this region as one of the 25 biodiversity hotspots of the world, facing a high risk 
of elimination due to human intrusions (Myers et al., 2000; Conservation International, 2013; Oliveira 
and Marquis, 2002). However, the cerrado is one of the most unprotected savannas in the world with 
less than 2% of its region protected in national parks and conservation areas (The Nature 
Conservancy, 2013).  
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Fig.1.3: Geology, topography, major soil types and natural vegetation (in 1954) within the Lagos 
Paranoá basin (CODEPLAN, 1984; Embrapa, 2004; Goncalves, 2007; Menezes, 2010). 
Since the 1960s the cerrado region is experiencing a dramatic land use change and population 
growth. Between 1970 and 1996 33.6 % of the total cerrado area has been cleared for the purpose of 
providing space for agriculture and urbanization. The extensive development of this region has been 
largely influenced by the Brazilian government, due to subventions and infrastructural development.  
The best known example for the active intervention of the government was the construction of the 
capital Brasília in the 1960s in the state Distrito Federal (IBGE, 2010; Oliveira and Marquis, 2002). 
Today the region of Brasília is one of the large agglomerations in Brazil. Within the Distrito Federal 
District 94% of the population live in urban areas (United Nations, 2010; IBGE, 2010). The capital 
Brasília has a population of about 2.3 million and a population density of about 484 inh./km² (PGIRH, 
2006; IBGE, 2010). The rapid population growth and the dynamic land use change (56.2 % urban 
areas) have caused major ecological and socio-economic problems (Menezez, 2010) (Fig.1.4).  
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Agricultural production has a minor importance (8 % of the area) within the basin and is restricted of 
smaller areas (garden farming, pasture) around the urban developments within the Riacho Fundo 
and Gama sub-catchments. Hence, 58 % of the land still remains natural (Rocha, 1994). Large parts of 
Brasília’s National Park with the Santa Maria water reservoir, which covers 21 % of the total water 
supply of the DF, are located in the Torto sub-catchment in the north-east of the basin (CAESB, 
2003).  
The catchment of Lago Paranoá is strongly influenced by human impact, even if the proportion of 
urban, agricultural and natural land use differs between the sub-catchments. Extensive construction 
activities, land-surface sealing, and agricultural production, result in high rates of erosion, sediment 
production, and sediment loads (Franz et al., 2012). Consequently, the silting of water reservoirs has 
become a serious problem in Brasilía. The water storage volume of the Lago Paranoá has decreased 
since the mid-1970s. Particularly at the discharge of the Riacho Fundo the silting zone has increased 
dramatically (Fig.1.5).  
1966 1982
1994 2009
 
Fig.1.5: Silting of the Lago Paranoá at the Riacho Fundo branch, due to urban development since the 
1960s (Figure adapted from Menezes, 2010). 
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The Lago Paranoá in the centre of Brasilía is currently not used for drinking water supply. However, 
due to increasing demand for fresh water, the decision was made to use its water in the future to 
maintain a certain level of water supply security. Beside the problem of water quantity, urban land 
uses have a strong impact on sediment geochemistry and pollution loads within the Lago Paranoá 
basin (Altafin et al., 1995; Franz et al., 2013; Gioia et al., 2006; Moreira and Boaventura, 2003). A 
significant increase of diffuse contamination from urban areas, e.g. enrichments of metals (Cr, Pb, Sr 
and Zn) and pesticide residues are documented. Suspended solids and remobilization of adsorbed 
pollutants on sediment particle might affect water quality (Lorz et al., 2012). In addition, emerging 
pollutants, such as organic (micro) pollutants might play an important role in future (Lorz et al., 
2012).  
The present study was realized within the project IWAS-ÁGUA DF funded by the Federal Ministry of 
Education and Research (BMBF) in frame of the joint multidisciplinary program “International Water 
Research Alliance Saxony (IWAS) – Management of Water Resources in Hydrological Sensitive World 
Regions” (FKZ 02WM1165/66 and 02WM1070) and part of the project “Avaliacão do efeito de acões 
antropicas na dinâmica hidrossedimentológia e no suprimento de aqua do Distrito Federal visando o 
desenvolvimento sustentável” funded by the Fundação de Apoio à Pesquisa do Distrito Federal (FAP-
DF). One objective of the investigations is to quantify and/ to estimate the impact of land use change 
and urban activities on the sediment dynamic, sediment geochemistry and water resources in the 
research area. 
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2 Objectives and research questions 
In the past, several studies have shown that land use change, particularly urban development is 
associated with alterations in sediment yields, geochemistry and water quality. This fact makes 
predictions of sediment generation and pollution loads necessary to determine the impact of 
anthropogenic activities on sediment sources in rapid urbanizing catchments. Furthermore, climate 
change might be one additional factor forcing sediment mobilization. In this context the study area 
offers the unique opportunity to investigate the effects of human activities since 1960 in a region 
nearly without any previous interference.  
In the present thesis, specific attention was paid to determine the impact of different anthropogenic 
activities on sediment geochemistry and to discriminate potential sediment sources with special 
focus on the increased silting of the Lago Paranoá (Section 2.1). Additionally, an analysis of metal 
concentrations in alluvial sediments and in water samples was conducted with regard to the different 
land use characteristic of each sub-catchment (Section 2.2). 
2.1 Sediment geochemistry and sediment sources 
In the area of study, land use changes and urban development are still high. Various anthropogenic 
activities lead to physical and chemical modification of the sedimentary environment within the Lago 
Paranoá basin. The sedimentation of water reservoirs and the sediment associated element input 
have put a serious risk on water resources. Examining the processes behind reservoir silting and 
sediment associated pollution loads will help to guide land management responses towards more 
effective source-reduction strategies and to maintain high standards in water supply for the region. 
Within the (urban) sediment cascade, investigations of the complex processes from sediment 
generation in source areas, over the transport and temporary sinks in alluvial areas to the final 
deposition in silting zones of water reservoirs are needed to gain better understanding of the impact 
of anthropogenic activities on the sediment dynamic and sediment geochemistry. 
It was shown in previous studies on water resources within the Lago Paranoá catchment that the 
dynamic land use change has affected sediment mobilization and increased sedimentation rates in 
alluvial areas (Franz et al., 2012), as well as water quantity and water quality (Lorz et al., 2012). 
Additionally, research about the geochemistry of lake sediments detected that there are 
anthropogenic enrichments of elements, for example Pb, in sediments of the Lago Paranoá. Isotopic 
analysis and the comparison with local reference material constitute the anthropogenic origin of 
these elements (Echeverria, 2007; Gioia et al., 2006; Maia et al., 2006; Moreira et al. 2003). It was 
hypothesized that different land uses have individual modification effects on sediment geochemistry. 
Diverse urban activities may produce specific geochemical fingerprints in the sediments. However, 
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sediments in alluvial areas and silting zones of the water reservoir are representing a mixture of 
sediments from different sources. The dramatic increase of impermeable surfaces and surface run-
off since 1954 (Menezes, 2010) and the increased silting of the Lago Paranoá in the last decades, 
suggest that land use change and urbanization have accelerated the sediment generation/dynamic 
within the catchment. 
The main objectives of this thesis were to determine: 
(i) the effects of different land uses (urban, agricultural, semi-natural) and their sub-types 
(specific anthropogenic activities: e.g. construction sites, residential areas, transportation 
network) on the sediment geochemistry and sediment properties in potential sediment 
source areas, 
(ii) a land use specific geochemical fingerprint to estimate the influence of the potential 
sediment sources on sediment generation and accumulation in the alluvial areas, 
(iii) and to quantify the sediment contribution from these source types, with regard to the 
different land uses and urban activities within the sub-catchments of the Lago Paranoá. 
  
Following detailed research questions concerning sediment generation and land use guided the 
thesis: 
a) To what extend is the elemental composition of the sediments influenced by human activities 
within the Lagos Paranoá catchment? [see Franz et al. (2013a, 2014) in Section 4 and 5] 
• Is there a quantifiable impact on sediment geochemistry due anthropogenic activities and is 
it possible to determine a geochemical signature of potential sediment sources with different 
land uses?  
• Is there a land use specific geochemical signature, which can be used as a fingerprint for 
potential sediment sources with different land use? 
• Are there significant differences between various types of urban land uses and to what 
extend is the element enrichment in sediments due to human influence? 
• Is the elemental composition of the sediments in the alluvial areas and silting zones at the 
discharges to the Lago Paranoá depended on the land use proportion within the sub-
catchment? 
b) What are the main sediment sources within the Lago Paranoá catchment? [see Franz et al., 
2013b] 
• Is it possible to determine the sediment sources without using extensive erosion and 
sediment monitoring techniques? 
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• Is there a model based approach, which allows to determine the sediment sources within an 
urban river basin? 
• Is it possible to deduce the sediment sources from the property data set of the alluvial 
sediments and deposited sediments in the silting zones of the Lago Paranoá, which 
represents a mixture of various sediment sources? 
Which urban activity has the greatest responsibility for the silting and for the sediment 
generation, in general? [Section 6] 
2.2 Sediment associated “metal” loads and water quality 
Based on the increase of intensive civil construction activities and of impermeable surfaces, and the 
abundance of pollution sources in urban areas, it was hypothesized that these processes have 
resulted in chemical pressure within the study catchment. Sediment associated pollution 
concentrations and loadings may vary between the areas with different land use, but could have 
detrimental impacts on human and ecosystem health. Due to the ongoing population growth and 
increasing water demand in the study region, it is planned to use the Lago Paranoá for drinking water 
supply in the near future. 
Thus, the specific objectives were to examine: 
• the metal concentration in sediments from sediment sources, alluvial sediments and 
sediments from the silting zone of each sub-catchment and to determine the degree of 
metal enrichment,  
• the potential risk of sediment pollution (sediment associated element load) due to metal 
enrichments, 
• whether there exists a correlation between metal enrichment in sediments and area of 
urban land use, and 
• the metal concentration in the water at each discharge to the Lago Paranoá [see Franz et al., 
2014, in Section 5]. 
Current data of element concentration of water samples at each discharge to the Lago Paranoá 
were taken for the comparison with the data of the alluvial sediments to examine the question: 
• Is there any correlation between metal enrichments in sediments and metal concentration 
in the water at each branch? [Section 5], and 
• does the land use within each sub-catchment influence the terrestrial metal input into the 
water 
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• is there an additional metal input in the Lago Paranoá due to the two sewage treatment 
plants [see Franz et al.,2014; in Section 5]? 
2.3 List of publications 
This is a cumulative dissertation including three peer-reviewed publications listed as follows: 
1. Franz, C., Makeschin, F., Weiß, H., Lorz, C. (2013): Geochemical signature and properties of 
sediment sources and alluvial sediments within the Lago Paranoá catchment, Brasília DF: a 
study on anthropogenic introduced chemical elements in an urban river basin. Sci. Total 
Environ. 452-453: 411-420.  
2. Franz, C., Makeschin, F., Weiß, H., Lorz, C. (2013): Sediments in urban river basins: 
Identification of sediment sources within the Lago Paranoá catchment, Brasilía DF Brazil – 
using the fingerprint approach. Sci. Total Environ. 466-467C: 513-523.  
3. Franz, C., Abbt-Braun, G., Makeschin, F., Weiß, H., Lorz, C. (2014): Assessment of metal 
enrichments in sediment and water samples within an urban watershed – an analysis of 
anthropogenic impacts on sediment geochemistry and water chemistry in Central Brazil. 
Environ. Earth Sci. DOI 10.1007/s12665-014-3454-8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
19 
 
3 Material and Methods 
The following section gives an overview of the applied methods including sample collection, 
laboratory analyses, statistical analyses (enrichment factors - EFs, principal component analysis - 
PCA, hierarchical cluster analysis) and the fingerprinting technique (discriminant function analysis - 
DFA, multivariate mixing model). More detailed information and comprehensive descriptions of the 
methods are provided in the respective publications in Section 4, 5 and 6. 
The main tasks of this thesis were to identify the main sediment sources within the Lago Paranoá 
catchment and to quantify anthropogenic influence on sediment geochemistry. Therefore, following 
workflow was developed (Abb. 3.1) The idea to combine the geochemical signatures of the sediment 
sources and their contribution to the sediment deposition in the alluvial areas and silting zones of the 
Lago Paranoá was realized by creating composite fingerprints and using a modified multivariate 
mixing model (Collins 1997a, 2010).  
 
 
 
 
 
Abb.3.1: Workflow  
The geochemical fingerprints were developed on the basis of geochemical and geophysical sediment 
properties.  
The laboratory analyses included a set of different sediment properties. Additionally, aqueous grab 
samples and effluent water samples of the two waste water treatment plants have been analyzed 
(Tab.3.1).  
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Tab.3.1: Analytical methods used to determine physical and geochemical characteristics of source 
and alluvial sediments and, chemical composition of water. 
Sediment  Material and Method  Reference 
Texture Köhnpipette method: particle size fracturing after removal of 
the organic fraction, chemical (sodium pyrophosphate) and 
physical dispersion (ultrasonic treatment) 
DIN 19683, 1973 
pHH2O 
pHCaCl2 
pH values measured in soil/sediment –water suspension 
using bi-distilled water (H2Od) and 0.01 M CaCl2 
 
DIN ISO 10390, 2005 
Total C, TN CNS-Analyzer (“Heraeus Vario EL III”, Hanau, Germany) after 
oxidative digestion  
 
Total amounts of 
elements 
Elemental analysis (Al, Ba, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, 
Ni, P, Pb, S, Sr, Zn) with ICP-OES (CIROS, Spectro, Kleve, 
Germany) after dissolution by HNO3 and microwave digestion   
DIN ISO 14869-1, 2003 
Crystallinity of Al, 
Fe and Mn-oxides 
Extraction using Dithionite-Citrate-Sodium Bicarbonate (Ald, 
Fed, Mnd) and 
Ammonium-Acid-Oxalate (Alo, Feo, Mno); extract 
concentrations measurement with ICP-OES (CIROS, Spectro, 
Kleve, Germany) 
DIN 19684-6, 1997 
Carbonate calcimeter method  DIN ISO 10693, 1997 
 
Water 
  
Total metal 
concentrations 
Elemental analysis (Al, Ba, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, 
Ni, P, Pb, S, Sr, Zn) with ICP-OES (Vista-Pro CCD simultaneous 
ICP-OES spectrometer –Varian, Germany) after dissolution by 
HNO3 and MilliQ water 
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Abstract 
One of the largest urban agglomerations in Brazil is the capital Brasília and its surrounding area. Due 
to fast urban sprawl and accelerated land use changes, available water supplies are near their limits. 
The water supply depends largely on surface water collected in reservoirs. There are increasing 
concerns regarding water shortages due to sediment aggradations, and of water quality due to 
geochemical modification of sediments from human activities. The concentration of 18 chemical 
elements and five sediment properties were analyzed from different potential land-based sediment 
sources and deposited alluvial sediment within the Lago Paranoà catchment. The goal of this study 
was to assess the distribution of chemical elements and geochemical/physical properties of potential 
sediment sources in the Lago Paranoá catchment. Principal component analysis and hierarchical 
cluster analysis were used to investigate the influence of different land use types on the 
geochemistry of sediments. Geochemical fingerprints of anthropogenic activities were developed 
based on the results of the cluster analysis grouping. The anthropogenic input of land use specific 
geochemical elements was examined and quantified by the calculation of enrichment factors using 
the local geological background as reference. Through comparison of the geochemical signature of 
potential sediment sources and alluvial sediments of the Lago Paranoá and sub-catchments, the 
relative contribution of land use specific sediment sources to the sediment deposition of the main 
water reservoir were estimated. The existing findings suggest a strong relationship between land use 
and quantifiable features of sediment geochemistry and indicate that urban land use had the 
greatest responsibility for recent silting in the Lago Paranoá. This assessment helps to characterize 
the role of human activities in mixed-used watersheds on sediment properties, and provides 
essential information to guide management responses towards more effective source-reduction 
strategies.  
 
 
 
22 
 
4.1 Introduction 
Urbanization is generally defined as an aggregation of human population within an area, which is 
associated with a subsequent input of anthropogenic substances into the local environment. Growth 
is the key characteristic of all urbanization processes, which typically results in increased land 
development, soil erosion, transportation, waste production, and domestic water usage. These 
impacts of urbanization pose an increased physical and chemical load on surrounding water bodies 
and soils, which alters the associated ecosystem and leaves a record of disturbance in the sediments 
of the water body (Charlesworth and Foster, 1993). Diffuse (i.e. non-point) source pollution has been 
recognized as a significant source of surface water quality problems (Novotny and Olem, 1994). 
Among these problems in tropical areas is sediment eroded from the landscape, either from natural 
or anthropogenic sources, which can act as a medium for anthropogenic contaminats. Some of the 
most significant activities which accelerate natural erosion rates and increase the supply of sediment 
to surface water include construction, agricultural intensification, and forest clearing. Sediment 
geochemistry can also be impacted by the input of organic matter from the discharge of untreated 
sewage or from the fertilizer application. Sediments may also be contaminated by anthropogenic 
materials such as metallic or glass particles, construction residue, automobile emissions, or residues 
from pesticides use in agricultural areas. As a consequence the mineralogical and chemical properties 
of sediments from urban areas are modified by different potential anthropogenic loadings. 
Sediments originating from residential areas are usually enriched in organic matter, detergents, 
synthetic organics, and metals including Pb, Cu, Zn and Cd (Förstner and Wittmann, 1981; Isaac et al., 
1997; Neff et al., 1987; Stephenson, 1987; Shear et al., 1996). Because of their anthropogenic 
geochemical content, these sediments may interact in a harmful way with the environment and 
could pose a serious threat to surrounding water bodies (Poleto and Martinez, 2009; Taylor, 2007). 
Obtaining information about land use specific geochemical signatures of potential sediment sources, 
and of alluvial sediments within a river basin, provides the basis for understanding sediment-
production processes. Therefore, the correct discrimination of natural and anthropogenic sources, 
the identification of geochemical source profiles, and the determination of source distribution for 
each element is important for reservoir water pollution control and prevention. Information on 
sediment sources within a watershed, which have a key role in silting of water reservoirs, is critical 
information for watershed managers to be able to direct erosion control and land use programs 
towards locations where they will be most effective.  
In the past decades, the elemental composition and enrichment factors (EFs) have been widely used 
to establish the origin of heavy metals and to evaluate the anthropogenic influence on the 
geochemistry of sediments and soil environments (Glasby et al., 2004; Gonzáles-Macias et al., 2006; 
Reimann and de Caritat, 2000, 2005). There are three assumptions related to the EF approach: (1) 
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that the normalizer has a lower variability in concentration relative to the elements of interest, (2) 
that the reference heavy metals have approximately similar spatial distribution, and (3) that the 
crustal element ratios are relatively homogeneous in different media (Reimann and de Caritat, 2005). 
Nevertheless, many studies ignore these inherent assumptions and have indiscriminately or directly 
normalized element concentrations to an average crust value, notwithstanding the fact that local 
background values may provide a more meaningful basis for calculating EFs than the average crust 
concentrations (Blaser et al., 2000). However, high EFs do not conclusively demonstrate human 
influence on elemental composition when the assumptions are not met (Reimann and de Caritat, 
2005). 
As a supplementary method to extensive field surveys, multivariate statistical models have been 
used to identify anthropogenic pollution and source profiles with respect to land use specific 
characteristic in sediments and soils (Facchinelli et al., 2001; Zhang, 2006). For example, principal 
component analysis (PCA) allows the transformation and visualization of complex data sets into 
meaningful variables without losing useful information and data (Peré-Trepat et al., 2006). But 
multivariate analyses are sensitive to a non-normal distribution of geochemical data and outliers; 
hence it is necessary to examine the probability distributions of all variables and accomplish proper 
data transformation (Johnson and Wichern, 2002). 
The study site provides an excellent opportunity (i) to examine the effect of different land uses on 
the geochemical signature of source sediments in the region for the first time and (ii) to assess the 
relative contribution of the land use specific sediment sources to the alluvial sediment deposition 
within a catchment of a major water reservoir.  
This work was undertaken as part of the project IWAS-ÁGUA DF funded by the Federal Ministry of 
Education and Research (BMBF) in frame of the joint program “International Water Research Alliance 
Saxony (IWAS) – Management of Water Resources in Hydrological Sensitive World Regions”. 
This study is aimed to provide information of principal sediment sources in a fast urbanizing 
catchment and the influence of different anthropogenic activities on sediment geochemistry, and 
thus to provide a better scientific basis for assisting targeted management solutions. 
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4.2 Materials and Methods  
 
4.2.1 Study area   
Brasília is the capital city of Brazil with a population of about 2.3 million (2.6 million; Distrito Federal), 
and is located in the cerrado-biome region (Brazilian savanna) of central Brazil at an altitude between 
850 m and 1300 m above sea level (IBGE, 2010; Oliveira and Marquis, 2002). The regional climate is 
characterized by two well established seasons: a dry season (May-September) and a rainy season 
(October-April), with a mean annual precipitation (MAP) of 1600-1700 mm and a mean annual 
temperature (MAT) of 20-21° C (WMO, 2010). An extended description of the region can be found in 
de Carvalho et al. (2006) and Gonçalves et al. (2009).  
The region is part of the Planalto Central, which is characterized by extensive plateaus and rolling 
landscape. Sediments stem mainly from lateritic crusts and saprolite of meso- and neoproterozoic 
schists, quartzites, and metamorphic silt stones of the Paranoà-Canastra-Group (Freitas-Silva and 
Campos, 1998). Limestone facies are not present; therefore carbonate in sediments might be 
indicative for an anthropogenic input, for example due to construction activities or as fertilizer on 
arable land. 
The Lago Paranoá is an artificial lake with a space out of originally 40 km², formed by the 
construction of the Paranoá Dam, which generates electricity for Brasília, humidifies the air, and 
provides recreational opportunities (Monteiro and Dias, 1980; Rocha, 1994). The water reservoir is 
located in the center of Brasília, and currently space out 38 km² due to decreases caused by silting. 
The watershed area is 1,046 km² and is composed of four main tributaries to the Lago Paranoá: the 
Riacho Fundo Creek and Gama Creek at its south portion, and the Bananal and Torto Creek on the 
north. Accordingly five sub-catchments can be divided: Riacho Fundo, Ribeirão do Gama, Sta. Maria / 
Torto, Bananal and the Lago Paranoá, including the Tamandua sub-catchment on north-east/east 
side from the lake (Fig.4.1). 
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Fig.4.1: Study area – Lago Paranoá catchment and sampling sites (alluvium) (Menezes, 2010; 
Padovesi-Fonseca et al., 2002); (SICAD - UTM coordinates).  
Landscapes of the Distrito Federal (DF) are strongly affected by anthropogenic activities. The 
catchment of the Lago Paranoá has experienced highly dynamic land use since 1960 and has 
undergone a substantial shift from natural vegetation to agricultural use and urbanization (Menezes, 
2010). Urban land uses, including residential, commercial and infrastructural development, occupy 
approximately 34 % of the area, while only 8 % are used for agricultural production. Even if 58 % of 
the land still remains natural, the region is experiencing rapid urban growth and significant human 
impacts, which have substantial, altered the regions environmental conditions. Land use and 
urbanization grade varies also widely between the five sub-catchments (Fig.4.2). The Riacho Fundo 
sub-catchment has the highest proportion and rate of increase of anthropogenic land uses such as 
urban and agricultural areas.  
 
samling sites (alluvium) 
 
Tamandua 
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 Fig.4.2: Land use – relation from urban, agricultural and natural areas of the five sub-catchments 
(Fortes et al., 2007). 
The area to the south of the lake and its tributaries are densely populated by humans and suffer from 
high rates of pollution, deforestation, and erosion. To the north (Sta. Maria /Torto sub-catchment), 
the tributaries are preserved in a more natural state due to the presence of Brasília’s National Park 
throughout of this region (Rocha, 1994). Low density residential development (nucleo rural) is 
scattered throughout the catchment. 
4.2.2 Sampling and laboratory analysis 
For this study, sites of potential sediment sources were selected throughout the catchment after 
several field observations during storm events. After the identification of the sediment mobilization 
hot spots and transport processes operating within the study catchment, a total of 50 sediment 
samples were collected during the rainy seasons of 2010 and 2011. Urban source types were 
comprised of constructions sites, street residues, spacing between buildings, and channel 
banks/subsurface sources (including ditches and gullies). Rural residential areas (nucleo rural – single 
farms in natural or semi-natural areas) are defined as one extra group of urban influenced sources, 
because of their intermediary character between urban, agricultural, and semi-natural sites. In 
agricultural areas, cultivated topsoils, pasture topsoils, and farm tracks were defined as the main 
sediment sources. Samples retrieved from (semi-) natural areas (cerrado, campo) comprised surface 
scrapes (0-4 cm) and natural gullies taken from areas identified as susceptible to mobilization of 
sediment by water erosion and its subsequent delivery towards the river channel system. All samples 
were collected using a non-metallic trowel, which was repeatedly cleaned to avoid inter-sample 
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contamination and stored in closeable plastic bags. The nearly homogenous geological composition 
of the bedrock and the small variation of top soils types across the catchment allowed for using 
mean values as representative geological background values for the whole catchment. Each source 
material sample comprised a composite of smaller scrapes (10) collected at an individual site in order 
to increase the representativeness of the individual samples and of the over-arching sampling 
strategy.  
In order to examine the relative contribution of urban, agricultural, and natural areas and their 
specific subgroups of land use to sediment export from the study catchment over recent time, 
surface scrapes and five profiles up to a depth of 30 cm of alluvial sediments were collected at each 
tributary to Lago Paranoá. The sites were identified as being regularly inundated during floods and 
are therefore frequently subjected to overbank deposition or deposition directly into active silting 
zones at the Lago Paranoá. Comparison of source material and alluvial sediments allowed an 
assessment to be made of relative sediment provenance in recent time. All samples were dried at 40° 
C until a constant dried mass was reached, sieved (2.0 mm), and ground using an agate mortar (with 
the exception of the texture analysis).  
The sample preparation process for the elemental analysis (Fe, Al, Mn, Ca, Na, K, Mg, Ba, S, P, Ni, Pb, 
Cr, Sr, Cu, Zn) includes dissolution by HNO3 and microwave digestion (DIN ISO 14869-1, 2003). The 
dissolution oxidizes the organic matter and leaves the metals as residuals, independently from 
fraction effects of weathering or pedogenisis. This yields the total elemental load for the size class < 
2.0 mm, but does not discriminate the metals sorbed to organic versus inorganic sediment particles 
(Impellitteri et al., 2002; Sun et al., 2001). Texture analysis was carried out according to the 
Köhnpipette-method after the removal of the organic fraction and chemical (sodium pyrophosphate) 
and physical dispersion (ultrasonic treatment) (DIN 19683, 1973). The content of total carbon (Ct), 
i.e. Corg, and total nitrogen (Nt) were determined using an element analyser “Heraeus Vario EL III” 
after oxidative digestion. Extraction of Fe, Al and Mn was accomplished using both Dithionite-Citrate-
Sodium Bicarbonate (d) and Ammonium-Acid-Oxalate (o) methods. All extract concentrations were 
measured using Atomic Absorption Spectrometry with a Spectro Ciros CCD instrument (rated power: 
1400 W, analyze wave-length: Al 394 nm, Fe 259 nm, Mn 257 nm) (DIN 19684-6, 1997). Fed/Fet ratios 
provide information about the weathering grade of the different sediments, thus it is possible to 
identify different sources of the alluvial material (Wagner et al., 2007). The crystallinity of Fe oxide 
(Feo/Fed-ratio) and organic carbon (Corg) content are two criteria of soil development (Gerzabek et 
al., 2010). The content of carbonate in the sediments was determined by the calcimeter method 
according to DIN ISO 10693 (1997). The pH values were measured electrometrically in soil-water 
suspension using bi-destilled water (H2Od) and 0.01 M CaCl2 (DIN ISO 10390, 2005).  
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4.2.3 Data analysis  
Chemical composition and sediment properties were analyzed to assess inter-elemental sediment 
geochemistry with respect to land use specific patterns in concentrations and sediment properties, 
and to estimate the relative contribution of the different source types to the alluvial deposition of 
the Lago Paranoá. The geochemical signature of each land use category and alluvial sediment is 
represented as mean concentrations of sediment properties. Use of the mean concentration value to 
represent a particular source can be justified as being physically realistic for two reasons. First, the 
geological background is almost homogenous throughout the catchment; and second the alluvial 
sediment collected from the catchment outlet will inevitably represent a mixture of material 
mobilized and delivered from numerous locations upstream. In addition to the geochemistry of the 
sediments, a specific study for the evaluation of the origin of the elements and magnitude of 
anthropogenic input was carried out by the calculation of enrichment factors (EFs). The enrichment 
factors were used as means of identifying and quantifying human interference of the local element 
cycle within the whole catchment.  
The EFs of all the elements have been calculated according the following equation (1): 
 
EF = Cx/ Cn (sample) : Cx/ Cn (local background)   (1) 
 
where Cx is the concentration of the X element whose enrichment is to be determined and Cn is the 
concentration of the N normalizing element (Ti) assumed to be uniquely characteristic of the 
background. In our case, the ambient consists of samples of urban and agricultural sediment sources 
while the background consists of samples of the natural sediment sources. The EFs have been 
calculated normalizing the values versus the concentration of titanium taken as reference natural 
element to determine the anthropogenic interference on sediments. 
In order to fully exploit the ability of particular parameters to define their land use specific 
concentration, and to differentiate potential source types, clear verification is necessary to show that 
a parameter is actually capable to identify one land use category unequivocally.   
For this purpose, a two stage statistical verification procedure was used to determine the land use 
specific geochemical signature. Normalization of the data set of each element using a logarithmic 
transformation was carried out in order to satisfy the assumption of constant variance and normality. 
In stage one, all source material samples were classified as urban, agricultural, or natural sediment 
samples. A paired t-test after “Dunns Procedure” was performed to discriminate the individual 
element concentrations from the land use category or the natural geological background. 
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At second stage; a principal components analysis (PCA) were undertaken to summarize the variation 
within the data and to determine correlations among the variables. PCA involves a mathematical 
procedure that transforms a number of (possibly) correlated variables into a (smaller) number of 
uncorrelated variables called principal components. The first principal component accounts for as 
much of the variability in the data as possible, and each succeeding component accounts for as much 
of the remaining variability as possible (Prentice, 1986). Principal components -analysis with scaling 
focused on inter-species correlations was performed using software package XLSTAT for WINDOWS 7 
Excel (Microsoft). Varimax rotation was used to maximize variation explained by the components. A 
binary correlation matrix was computed for all land use categories to check for high correlations 
among elements indicative for the characterization of a specific land use category. The results of the 
PCA include the percent of variation explained, and reveal groupings of variables with respect to 
their different land use categories. Finally a hierarchical cluster analysis with SPSS software (IBM) was 
applied to the results of the PCA to verify the statistically significance of the categorization of the 
land use specific sediment sources, and to identify the relationship between characteristic human 
activities and sediment geochemistry. For each land use category the cluster should be as 
homogeneous as possible with respect to the geochemical variables. 
 
4.3 Results and discussion 
4.3.1 Sediment properties 
General parameters are presented in Table 4.1. Samples from natural areas were slightly acid in 
accordance with the weathered nature of the geological background, where calcareous facies are 
lacking (Campos and Freitas, 1998; Faria, 1997). Sediments from agricultural areas were around 
neutral to slightly acidic, particularly the sediments originating from farm tracks. Urban sediments 
have a noticeable alkaline character with differentiation between land use sub-types. The highest 
values were found in sediments from construction sites, resulting from the use of calcareous building 
materials, like cement or plaster. The alluvial sediments have higher pH values than natural or 
agricultural source sediments, and the content of organic carbon and nitrogen is generally low. 
Slightly higher contents and closer C/N ratios (13-18) are only found in samples from agricultural and 
natural areas. But the differences of the total content of organic carbon and nitrogen between 
urban, natural, and alluvial sediment sources are very small (Tab.1). Calcium carbonate was found in 
high amounts of about 10 to 26 % in urban and agricultural sediment samples. In reference to the 
geological conditions (Campos and Freitas, 1998), for this region calcium carbonate is a meaningful 
indicator of anthropogenic influence on the geochemistry of sediments. Sediments from 
constructions sites and detached/semi-detached houses with open or partly organized domestic 
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sewerage are highly enriched with calcium carbonate. However, due to calcium carbonates solubility 
in aqueous environments, it is not an adequete parameter for demonstrating the influence of human 
activities on alluvial sediment generation (Langmuir, 1997).  
The Feo/Fed ratio characterizes the degree of iron oxide and hydroxides crystallization, where in 
general lower ratios reflects more advanced stages of soil development (Schwertmann and Taylor, 
1977). Hence the Feo/Fed ratio tends to decrease with soil age (Moody and Graham, 1995). In 
general, vegetated areas have high Feo/Fed ratios, as well as agricultural areas with garden farming 
and rural residential areas (nucleo rural). The highest Feo/Fed ratios (mean 0.32) were found in areas 
with a natural vegetation of cerrado or/and campo. These records suggest an apparent low energy 
environment for sediment mobilization, so that pedogenic transformations and soil development are 
possible. Areas with permanent vegetation are less vulnerable to erosion and it can be assumed that 
they form only a minor contribution to the silting problem of Lago Paranoá.  
As a complement to the Feo/Fed ratio, the Fed/Fet ratio can be used as a weathering index for the 
sediment samples (Wagner et al., 2007). The higher the ratio the higher is the proportion of Fe-
oxides with higher crystallinity (cryptocrystalline e.g. pre-hematite; hematite, goethite) within the 
total amount of Fe in the sediment sample. In locations where deeper sub-soils and ground are 
excavated due to anthropogenic disturbance or intensive laminar erosion, the Fed/Fet ratios are 
close to one. Highly weathered materials are found on roads, at ditches, and construction sites as 
well as in high-density block development with ongoing construction activities.  
Since metals from external sources primarily accumulate in the fine-grained fractions, the sediment 
texture was analyzed and a particle size correction factor was calculated. The particle size correction 
factor was used to compensate or normalize the grain size effects on the elemental analysis, 
including also the metal enrichment in texturally different sediment samples (Aloupi and Angelidis, 
2001).  Urban source locations are characterized by sediments with high contents of the sand 
fraction, up to 78 %. The clay content varies largely between the sub-types (from 12- 48 %), but is 
mostly higher than the content of the silt fraction. The lowest sand contents were found in 
sediments from agricultural areas (from 16 – 31 %), which vary depending upon the sub-type of land 
use. In addition, these sediments have the highest contents of clay with 60 %. Sediments originating 
from natural areas under cerrado or campo are composed of 45-51 % sand, 24-27 % silt, and 21-32 % 
clay. Based on the different texture of the source locations, the potential for mobilization and 
transport during rain events varies. Additionally, grain size composition of the sediments has a direct 
effect on absorption of anthropogenic elements, because metal concentration usually increases with 
decreasing grain size of the sediments.  
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Tab.4.1: Mean and standard deviation of general parameters of three sediment source categories and their sub-types.  
land use 
category 
sub types na pH CaCO3 N C Feo/Fed Fed/Fet sand silt clay 
   H2Od % [%] [%]   [M.-%] [M.-%] [M.-%] 
urban construction sites 5 8.55 ±0.21 12.89±2.73 0.010±0.002 1.37±0.06 0.013±0.001 0.62±0.04 70±2 12±2 18±1 
 highway 3 8.25±0.20 10.81±1.22 0.021±0.005 1.302±0.011 0.021±0.002 0.61±0.06 68±2 10±1 22±2 
 paved road 3 8.07±0.13 9.01±1.81 0.050±0.005 1.042±0.003 0.011±0.001 0.96±0.02 45±3 15±1 40±3 
 unpaved road 3 8.14±0.21 6.85±1.06 0.061±0.003 1.311±0.002 0.012±0.006 0.84±0.03 70±1 12±2 18±1 
 ditches 3 7.65±0.42 5.55±0.32 0.012±0.001 0.170±0.008 0.001±0.000 0.731±0.004 78±1 10±2 12±1 
 residential area 5 8.38±0.43 11.22±1.25 0.062±0.007 1.31±0.01 0.020±0.002 0.43±0.03 46±2 32±1 22±2 
 detached/semi-
detached houses 
4 8.34±0.13 26.12±1.25 0.031±0.005 2.830±0.027 0.030±0.005 0.44±0.02 75±1 11±1 15±1 
 high-density block 
development 
4 8.45±0.24 12.00±1.25 0.041±0.008 0.821±0.002 0.010±0.001 0.812±0.002 43±2 15±1 42±2 
            
 rural residential 
area/ nucleo rural 
3 5.92±0.11 1.90±0.51 0.054±0.007 0.99±0.02 0.071±0.006 0.64±0.04 46±2 34±2 20±3 
            
agricultural farm track 3 5.96±0.04 4.46±1.24 0.08±0.09 1.511±0.001 0.022±0.003 0.63±0.04 31±1 11±2 59±3 
 crop land 4 6.37±0.22 8.00±1.25 0.16±0.03 2.213±0.022 0.042±0.002 0.52±0.04 16±2 21±2 63±3 
 pasture 3 6.00±0.08 4.48±1.70 0.10±0.04 1.71±0.03 0.032±0.004 0.51±0.02 28±2 14±2 59±2 
            
natural campo/cerrado 4 5.36±0.32 1.55±0.45 0.24±0.10 3.69±0.04 0.321±0.004 0.52±0.12 45±2 24±1 32±2 
 gully 3 5.92±0.41 0.90±0.23 0.09±0.06 1.28±0.02 0.007±0.006 0.62±0.09 52±3 27±1 21±2 
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4.3.2 Geochemical signature of potential sediment sources and alluvial sediments 
The geochemical compositions of potential sediment source with respect to different land uses 
(urban, agricultural, and natural) are significantly different from each other. Urban sediments are 
significantly enriched in the elements Ca, Mg, Na, K, Sr, and Pb with respect to the natural local 
surface rock composition. The highest values of these elements are found in sediments from 
construction sites and paved roads. Building materials and traffic emission, including loss of motor 
oils, vehicle exhaust, decomposition of tires, and street corrosion are assumed to be the major 
source of this anthropogenic element input (Granier et al., 1990). Also, urban runoff and the 
sediments may contain higher contents of metals due to the “washing” of city surfaces, such as 
weathered paint of buildings or metallic surfaces.  
The following box plots in Figure 4.3 (on the left) present the element concentrations indicative for 
urban land use, as well as the variation (mean, 1. and 3. quantile) between land use categories. 
Additionally, the contents found in alluvial sediments of the whole catchment and separately for the 
sub-catchments are presented (Fig.4.3, on the right). The comparison of the geochemical 
composition of the alluvial sediments indicated significant differences between the sub-catchments. 
In general the Bananal and central Paranoá sediments have the highest contents of elements with 
urban origin (Ca, Mg, Na, K, Sr, Pb) when compared to the others. The area of Bananal has 
considerably less area with urban land use (4.57 %) compared to the Riacho Fundo (37.8 %), Paranoá 
(38.7 %), and Tamandua (11.7 %) sub-catchments. However, the recent anthropogenic influences in 
this parts of the Lago Paranoá catchment, for example due to construction activities and 
infrastructure expansion, are much more intensive than in the other sub-catchments, resulting in 
higher element input in the sediments.  
In sediments from agricultural areas, especially from crop land, the anthropogenic influence on the 
concentration Cu, Zn, Cr and Ni is apparent, since the absolute content of each element is more than 
twice as much as the natural background (Tab.2) (Oliveira-Filho and Lima, 2002). As an ancillary, 
these elements are found in appreciable amounts in the alluvial sediments, suggesting a high 
contamination risk due to the persistence and predominant accumulation of these heavy metals in 
sediments. 
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4.3.3 Enrichment factors (EFs) 
The quantification of the anthropogenic impact on source and alluvial sediments could be made by 
the calculation of the enrichment factors using the data obtained in the elemental analysis and using 
titanium as the normalization element. Figure 4.4 shows the calculated enrichment factors for all 
analyzed elements in urban, agricultural, and alluvial sediments for the whole Lago Paranoá 
catchment. 
 
Fig.4.4: Enrichment factors (EFs) for sediments from urban and agricultural areas and alluvial 
sediments of the Lago Paranoá catchment based on the geological background. 
 
As it can be observed, the EF trends are comparable with the statistical data of the different land use 
specific geochemistry. In our case, elements with EF values that are significantly greater than 1 can 
be considered as not originating from the local geological background. The elements Pb, Ca, Mg, Na, 
K, and Sr are present with their highest EF values in urban sediments. These elements derive not 
from the local soil/ geological background; rather they are distinct indicators of anthropogenic 
sources. For those elements with high EF values in urban sediments, enrichments in the alluvial 
sediments can also be observed. Therefore urban sediment sources may provide a valuable 
contribution to the sediment accumulation in the alluvial areas, and to the silting problem of Lago 
Paranoá. In addition, the data shows that both urban and alluvial sediments have significant metal 
contamination. Most significant of these is the heavy metal Pb, which has a very high EF value of 
about 15 in urban sediments and with an EF of about 21 in the alluvial sediment of the central 
Paranoá catchment (including the city center of Brasília) (Fig.4.4; Fig.4.5). Even Sr having significantly 
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high EF values in urban and alluvial sediments should be heeded as a contaminant with health 
effects.  
Comparison between the two EF columns of urban and agricultural sediments reveals quite different 
behavior of many elements (Fig.4.4). The elements Fe, Al, Cr, Ni, Pb, V, P, Cu, and Zn have 
significantly higher EF values. Those elements, except for Pb, are indicative of agricultural sediment 
sources. The higher values of Cr, Ni, and Cu may be connected to pesticide utilization, where the 
enrichment of P is assumed to be due to the application of mineralogical fertilizer (Oliveira-Filho and 
Lima, 2002). In contrast to the EF pattern of urban sediment sources, the relative contribution of 
agricultural sources to the alluvial sediments cannot be deduced from the absolute EF values. For the 
element Zn, higher EF values were only observed in agricultural and alluvial sediments than in urban 
sediments, which may be caused by preferential adsorption.  
Finally, the EF values of the alluvial sediment were calculated for each sub-catchment, the results for 
which are shown in Figure 4.5. This differentiation was very important in obtaining actual EF values 
related to the local environment and land use variation within the whole Lago Paranoá catchment.  
 
Fig.4.5: Enrichment factors (EFs) for alluvial sediments from the different sub-catchments of the Lago 
Paranoá. 
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The EF values differ between sub-catchments (Fig.4.5). However, the EF trends of the Bananal and 
Central Paranoá (Paranoá 4 - city) (group 1) show predominantly similar behavior compared to those 
within the Tamandua and Riacho Fundo – sub-catchment (group 2). For those two sub-catchment 
groups the absolute EF values and also the EF-trends of the elements are different. For all elements, 
the EF values of the Bananal and Central Paranoá sub-catchments are higher than those of the 
Tamandua and Riacho Fundo sub-catchments. The alluvial sediments from the Tamandua and Riacho 
Fundo sub-catchments are not significantly enriched in the elements Cr, V, P and Fe. The contents of 
Ca, Ni, Al, and Fe in the Tamandua alluvial sediments are almost equivalent to the natural 
background. These results suggest that the EFs are directly correlated to the land use proportioning 
of each sub-catchment (Fig.4.2). Therefore, the stronger the human impacts due to urbanization, the 
higher are the EFs. Alluvial sediments of the sub-catchments, which are dominated by street 
infrastructure, civil construction activities and high density building, like the central Paranoá 
including the city centre of Brasília (Paranoá 4), are considerably enriched in Pb, Sr, Na, Ca, K, Mg, Na, 
Zn, and Fe. These semi-quantitative results support the hypothesis that urban sediment sources have 
a considerable contribution to the sediment dynamic in the catchment.  
4.3.4 Principal components analysis (PCA) 
Subsequently a Principal Components Analysis (PCA) was carried out to segregate the potential 
sediments source into land use specific categories according to their geochemical composition. 
Additionally, a binary correlation matrix was computed for all elements to check for relationships 
between individual elements, which might be indicative for each land use category (Tab.4.2).    
  
37 
 
Tab.4.2: Correlationsmatrix (Pearson (n)). 
            Variable Mn Ca K Mg Na S Ba Cr Ni Pb Sr Ti V P Cu Zn 
Mn 1 0.109 0.712* 0.348 0.268 0.037 0.677* 0.073 0.329 0.677* 0.135 -0.098 -0.079 -0.035 0.426 0.408 
Ca 0.109 1 0.185 0.760* 0.539* 0.496* 0.246 -0.240 -0.025 -0.061 0.778* -0.396 -0.303 -0.136 -0.090 0.386 
K 0.712* 0.185 1 0.462 0.633* 0.031 0.802* -0.289 0.017 0.593* 0.247 -0.507* -0.514* -0.260 0.323 0.391 
Mg 0.348 0.760* 0.462 1 0.782* 0.733* 0.447 -0.364 -0.066 0.402 0.953* -0.560* -0.457 -0.275 -0.141 0.201 
Na 0.268 0.539* 0.633* 0.782* 1 0.492* 0.494* -0.320 0.057 0.496* 0.755* -0.513* -0.460 -0.227 -0.063 0.239 
S 0.037 0.496* 0.031 0.733* 0.492* 1 0.146 -0.228 0.072 0.103 0.837* -0.212 -0.167 0.081 -0.097 0.185 
Ba 0.677* 0.246 0.802* 0.447 0.494* 0.146 1 -0.190 0.170 0.471 0.264 -0.306 -0.370 -0.160 0.362 0.482 
Cr 0.073 -0.240 -0.289 -0.364 -0.320 -0.228 -0.190 1 0.784* -0.009 -0.295 0.891* 0.939* 0.496 0.478 0.119 
Ni 0.329 -0.025 0.017 -0.066 0.057 0.072 0.170 0.784* 1 0.227 -0.017 0.752* 0.709* 0.596 0.518 0.441 
Pb 0.677* -0.061 0.593* 0.402 0.496* 0.103 0.471 -0.009 0.227 1 0.265 -0.181 -0.156 -0.295 -0.039 -0.020 
Sr 0.135 0.778* 0.247 0.953* 0.755* 0.837* 0.264 -0.295 -0.017 0.265 1 -0.443 -0.336 -0.167 -0.216 0.173 
Ti -0.098 -0.396 
-
0.507* 
-
0.560* 
-
0.513* -0.212 -0.306 0.891* 0.752* -0.181 -0.443 1 0.957* 0.643 0.304 0.039 
V -0.079 -0.303 
-
0.514* -0.457 -0.460 -0.167 -0.370 0.939* 0.709* -0.156 -0.336 0.957* 1 0.509 0.289 -0.049 
P -0.035 -0.136 -0.260 -0.275 -0.227 0.081 -0.160 0.496* 0.596* -0.295 -0.167 0.643* 0.509* 1 0.388 0.531 
Cu 0.426 -0.090 0.323 -0.141 -0.063 -0.097 0.362 0.478 0.518* -0.039 -0.216 0.304 0.289 0.388 1 0.626 
Zn 0.408 0.386 0.391 0.201 0.239 0.185 0.482 0.119 0.441 -0.020 0.173 0.039 -0.049 0.531 0.626 1 
* significance niveau alpha=0.05 
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High correlations were found especially between the elements with high enrichment factors in urban 
sediments. Significant positive correlations were found for example among following elements: Ca-
Mg, Ca-Sr, K-Ba, Mg-Sr, Mg-S, Mg-Na, Na-Sr, S-Sr, Cr-V, Cr-Ni, Ni-V and Cu-Zn (p < 0.05). According to 
the local geological background, the Paranoá Canastra group contains very low contents of heavy 
metals and almost no alkaline metals, like Ca, Mg, and Na, while in urban and agricultural source 
sediments, significantly higher concentration were found. It can be assumed that the significant 
correlation among these elements is indicative of them having anthropogenic origin. The result of the 
correlations between individual elements and the EF´s analysis supports the hypothesis that different 
anthropogenic activities have specific impacts on the geochemistry of the sediments.  
In PCA a total of 3 factors of which eigenvalue were more than 2.0 were extracted. This model 
explained 93.91 % of the total variance in the data. The factor loadings and the correlation of each 
element are shown in Figure 4.6. 
 
Fig.4.6: Correlation circle of factor 1 (F1), 2 (F2) and 3 (F3) and factor loadings. 
The elements Ba-K, Ca-Sr, Mn-Pb and Ti-V are significantly positive correlated, while the correlation 
among Cu-S, P-Ba, Ni-Ba, P-K is significantly negative. The F1 (51.67 % of the total variance) had 
strong positive loadings on Mg, Na, Sr, and V and moderately positive loadings on Ca, K, Ba, Cr, and 
Pb, which represented anthropogenic sources (urban sediments) according to the EF results. F2 
(24.33 % of the total variance) had strong positive loadings on Ni, Cu, and Zn, likely representing 
other human impacts (agricultural sediments), while F3 (17.91 % of the total variance) had strong 
positive loadings on Mn, Al, Fe, and S, which distinctly represents natural origin. The transfer of these 
results into the biplot of the land use categories is presented in Figure 4.7, which indicates that some 
elements and element compositions are characteristic for specific land uses categories and for some 
individual subtypes. 
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Agriculturally dominated sites and areas with single chaccara-housings (farms/nucleo rural) 
represent the second main cluster. Farm tracks as one agricultural sub-type are linked to urban 
sediment source (unpaved roads), which demonstrated the influence of traffic on sediment 
geochemistry. Natural and semi-natural sites are clustered as a third group, whereas semi-natural 
sites and natural gullies are linked to agricultural areas. This may have resulted from environmental 
disturbances, like succession of vegetation after fire and accelerated erosion during periods with less 
vegetation as well as due to reforestation. Thus, the cluster analysis illustrates how the geochemical 
signature of the potential sediment sources is modified by the human influence due to different land 
uses.  
 
Fig.4.8: Dendrogram using average linkage between land-use categories. 
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The cluster analysis confirmed that three main land use categories and 19 sub-types can be divided 
on the basis of the elemental composition, where 12 sub-types belong to the urban land use 
category (Fig.4.9).  
 
Fig.4.9: Dendrogram using average linkage between urban subtypes. [pr: paved roads; rs: residential 
area; ch: chaccara housings – nucleo rural; drs: detached semi-detached residential areas; up: 
unpaved roads; co: condominio housings; hw: highway; dg: ditches, domestic gully; cs: construction 
sites]. 
 
4.4 Conclusions 
The purpose of this paper was to examine the geochemical signature and properties of potential 
sediment sources and to semi-quantify the specific effects of different land use on the geochemistry 
of the sediments within the Lago Paranoá catchment.  
The elemental analysis of the alluvial sediments of the Lago Paranoá and the comparison of data with 
those from potential sediment sources reflects the proportion of different land uses within the 
different sub-catchments, and the strong urban influence on sediment geochemistry and sediment 
dynamic. These results support previous research conducted by Franz et al. (2012) and Menezes 
(2010), which indicated that human activities have a major influence on sediment generation and to 
the increased silting process of Lago Paranoá.    
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The significance analysis of the total element concentrations and the calculation of the EFs with the 
local background as a reference and Ti as an optimal normalizer demonstrated significantly higher 
concentration of Ca, Mg, Na, K, Sr, and Pb in urban and alluvial sediments. Sediments from 
agricultural sources were enriched with Cu, Ni, Cr, and P. The comparison of data with the alluvial 
sediment geochemistry showed that agricultural sediment sources, which occupy only 8 % of the 
total area, have no major contribution to the alluvial sediment generation within the Lago Paranoá 
catchment. In contrast, 58 % of the area still remains natural or semi-natural, but the geochemical 
signature of the alluvial sediments and the relative quantification of the element data record that 
urbanized areas (34 % of the area) are the dominating sediment source. This is supported by the high 
EFs of Pb, Ca, Mg, Na, K, and Sr in both urban and recent alluvial sediments. 
The combination of all sediment constituents into one data set provides an opportunity to develop 
more complete geochemical fingerprints of land use and to identify relationships between subsets of 
sediment quality variables. Principal component analysis of the element concentrations produced 
specific element associations for different land use categories and their subtypes. In general the 
elements Pb, Ca, Mg, Na, K, and Sr are indicative of urban sediment sources. Subdivision of urban 
sources could be made using single element patterns and element combinations. There are 
significant associations between K-Ca, Mn and Zn-Pb concentrations for residential areas, between 
Ca-S, Mg-Na and Sr-Pb concentrations for construction sites, and between Pb-Sr, Ca-S concentrations 
for paved roads. Sediment sources in agricultural areas can be identified by the Cu-Zn and Cr-S 
concentration pattern. The cluster analysis of the element chemistry in the potential source 
sediments resulted in grouping according to the three land use categories of urban, agricultural, and 
natural, as well as for the urban sub-types rural residential areas (nucleo rural), high density 
development with construction activities, semi-detached housing, road infrastructure and 
ditches/domestic gullies. This supported the results of the geochemical analysis and the PCA that 
there are characteristic relationships between the element concentrations in sediment and land use. 
The cluster analysis also identified the combined effects of specific anthropogenic activities, like 
automobile use or residential settling, in urban and agricultural areas.   
This research provides further evidence that there are distinctive and characteristic patterns to the 
impact of different land uses on sediment geochemistry and indicated that urban land use had the 
greatest responsibility for recent silting in the Lago Paranoá. However, the underlying reasons for the 
land use specific element concentrations and the quantitative contribution of the sediment sources 
to the sediment deposition of the Lago Paranoá catchment have not been completely identified and 
require further research.    
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Abstract 
The aim of this study was to assess the distribution of metals in sediments and surface water within 
the Lago Paranoá catchment in Central Brazil, and to evaluate metal enrichments due to 
anthropogenic activities. Concentrations of Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Sr, Ti and Zn were analyzed 
in sediment samples from sediment sources under different land use, in alluvial sediment profiles, 
and in water samples. Principal component analysis was used to investigate the impact of different 
land use types on metal concentrations in source sediments. The anthropogenic impact of different 
land uses on metal concentrations in sediments was quantified by the calculation of enrichment 
factors, using the local geological background as reference. The data showed that different 
anthropogenic activities are related to specific metal enrichments in source and alluvial sediments. 
Particularly urban areas with high density block development were characterized by higher 
enrichments of Cd, Cr, Pb, Sr and Zn compared to the local background values. Sediments from 
agricultural areas had higher concentrations of Cr, Cu and Ni compared to urban areas, resulting from 
from higher contents of clay instead from human impact. The concentrations of Cd, Cr, Cu and Pb in 
surface water samples of the main rivers discharging into Lago Paranoá were very low. The values of 
Al, Fe, Mn, Sr and Zn differed between the sub-catchments and showed seasonal variation. Metal 
concentrations depended substantially on terrestrial inputs from anthropogenic and natural sources. 
The analysis of effluent water samples indicated that there is a temporary metal input into the lake 
from the two wastewater treatment plants, which might have caused metal enrichments in 
sediments and water. The regression analyses showed that there is a strong correlation between 
metal concentrations in alluvial sediments and corresponding water samples, as well as between 
metal accumulation in the alluvial sediments and shares of urban areas in the sub-catchment. 
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5.1 Introduction 
Many South American cities are experiencing a rapid population growth; frequently coupled with 
disorganized regional development. As such, many urban areas are characterized by a high degree of 
modification of their physical, chemical, and biological environment due to the construction of 
buildings and infrastructure (Taylor and Owens, 2009). Compared to natural ecosystems the 
hydrological and sedimentological processes in urban basins are significantly different. Urban 
agglomerations are characterized by an alternation of areas with impervious land surfaces, like roads, 
roofs, or parking lots and unsealed areas without vegetation. Human-made structures and 
construction sites increase surface runoff, which in turn cause sediment mobilization from bare soil 
areas (de Carvalho et al., 2014). Due to reduced rates of infiltration and higher surface runoff the 
transport of sediments to watercourses is increasing (Poleto et al., 2009). Additionally, the 
abundance of contamination sources in urban areas results in geochemical modification of the 
sedimentary environments potentially causing high pollution concentrations and loadings in soils, 
sediments and water bodies (Duh et al., 2008; Horowitz and Stephens, 2008; Laidlaw and Filipeli, 
2008; Wong et al., 2006), which in turn might have detrimental impact on human and ecosystem 
health. It was shown that most of the contamination load in rivers and lakes is associated with the 
sediment fraction (Horowitz, 2008; Savenko, 2006; Viers et al., 2009). 
Metals, particular heavy metals, which represent potential contaminants to aquatic systems that are 
transported in dissolved or particulate form, have received considerable attention within urban 
catchments (Barcellos et al., 1991; Behrendt, 1993; Foster and Charlesworth, 1996; Karez et al., 1994; 
Salomons and Förstner, 1984). Almost all of the studies have focused on concentrations and fates of 
dissolved contaminants, whereas less attention has been given to sediment-associated contaminants 
(Salomons and Förstner, 1984). Nevertheless, focus on sediments and sediment related discharge in 
aqueous systems and the impact on the water quality was already addressed by Förstner and Müller 
(1974), Förstner and Wittmann (1981) and others (Bilotta and Brazier, 2008; Owens, 2008; Owens et 
al., 2005; Viers et al., 2009). Hence, the sediment quality has been integrated in water resource 
management (Brils, 2004; Förstner, 2002). 
In the past, the element content of urban sediments has been related to element accumulation in 
sediments on paved surfaces (Taylor, 2007). Recent studies have shown that urban sediments and 
sources can be categorized in a broader manner to refer to any sediment present within urban 
environments (Franz et al., 2013a). Sources of sediments in river basins can be divided into (1) 
natural sources, including mass movements (e.g. debris flows, landslides) and erosion of soils, and (2) 
sediments generated by anthropogenic activities, such as mining, construction, urban road network, 
and industrial point sources. In spite of water quality improvement many rivers and water reservoir 
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still possess low sediment quality (Taylor and Owens, 2009). Since residence time of sediments in 
rivers and reservoirs is much longer than that of water, sediment pollution can be considered as 
long-term problem in urban catchments (Taylor and Owens, 2009; Walling et al., 2003). The necessity 
to consider sediments in water quality management at the watershed scale has been conclusively 
established, and documented by the introduction of policy and legislation (Apitz and White, 2003; 
Owens 2005, 2008). The European Water Framework Directive (WFD) and the Program of Measures 
(POM) are examples of the incorporation of sediment issues in river basin management within the 
European Union (Casper, 2008). In South America by contrast, and particularly in Brazil, only few 
quality indices for water and sediments have been established so far (Brasil - CONAMA, 1986, 2005; 
CAESB, 2010; CETESB, 2001). The implementation of environmental quality standards, which include 
water, sediment, biota, and their interaction at catchment scale is still lacking. 
Within the urban conservative sediment cascade (Fig.5.1), the processes, relationships and 
interactions between sediment sources, transport mechanisms, deposition, and post-depositional 
modification of sediment are complex and characterized by highly dynamic behavior (Taylor, 2007) 
Urban areas have an important contribution to metal enrichments in sediments, particularly that of 
heavy metals (Molisani et al., 2007; Moreira, 1996). In urban environments, metal dispersal and the 
release in the environment are part of daily human activities (Bailey et al., 2005; Fernandes et al., 
1994; Irvine et al., 2009; Moreira, 1996; Poleto et al., 2009; Poleto and Charlesworth, 2010; Taylor 
and Owens, 2009).  
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Fig. 5.1: The conservative urban sediment cascade (adapted from Taylor (2007)). 
However, in Brazil most studies have focused on pollution by heavy metals due to mining activities, 
tanneries, industry parks or landfills (Barcellos et al., 1991; Jordão et al., 1997; Machado et al., 2002; 
Melamed et al., 1997; Villas Bôas 1997) or have provided information about heavy metal 
accumulation in costal and estuarine environments (Amado Filho et al., 2004; Barcellos et al., 1991; 
Bailey et al., 2005; Gomes et al., 2009; Karez et al., 1994; Lacerda and Molisani, 2006). Within the 
Distrito Federal there are several studies dealing with anthropogenic influence on the Lago Paranoá 
(Echeveria, 2007; Fonseca 2001; Maia, 2007; Menezes 2010; Moreira and Boaventura, 2003), but less 
information is available about the relationship between metal enrichments in sediments and urban 
development within river basins in Brazil (Franz et al., 2013a, b). To understand processes and 
interactions between anthropogenic sources of metals, metal transport and deposition of sediments, 
and the release of metals into the liquid phase, data of the metal concentrations in sediment 
sources, in alluvial sediments, and in water samples within the urban river basin are necessary. 
Information on metal pollution of sediments and water is crucial for Integrated Water Resource 
Management (IWRM), especially in urban catchments.  
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This study aims to determine the impact of anthropogenic activities, i.e. land use, on metal 
concentrations in source and alluvial sediments within a rapidly urbanizing catchment and to assess 
the influence of different land uses on the metal concentration in surface water of the river basin. 
The artificial Lago Paranoá catchment in Central Brazil, in the center of the Distrito Federal of Brazil 
offers the unique opportunity to investigate the effects of human activities since 1960 in a region 
nearly without any previous interference. 
 
5.2 Materials and Methods 
5.2.1 Study area   
This study was conducted in the catchment of the Lago Paranoá reservoir, located in western Central 
Brazil. The catchment of the Lago Paranoá is situated in the city of Brasília (15° 48´S and 47° 50`W), 
the capital of Brazil. The region is part of the Cerrado biome (Brazilian savanna) of Central Brazil, at 
an altitude between 850 m and 1,300 m above sea level (Oliveira and Marquis, 2002). The climate is 
characterized by dry winters (May to September) and rainy summer seasons (October to April), with 
a mean annual precipitation of 1,600 to 1,700 mm and a mean annual temperature of 20 to 21° C 
(WMO, 2010). A detailed description of the region is given in De Carvalho et al. (2006) and Gonçalves 
et al. (2009).  
The topography is characterized by extensive plateaus and rolling landscape of the Planalto Central. 
The geological environment is dominated by metapelitic rocks, sandstone and quartzite of the 
Paranoá Group. (Freitas-Silva and Campos, 1998).  
The Lago Paranoá reservoir is an artificial lake with a surface area of about 38 km², formed by the 
construction of the Paranoá Dam in 1960 (Monteiro and Dias, 1980). The Lago Paranóa catchment 
has a size of 1,046 km². Its main tributaries are several small rivers, the Riacho Fundo Creek and 
Gama Creek in the south, and the Bananal and Torto Creek in the north. Urban land use, including 
residential, commercial, and infrastructural development, occupies approximately 34 % of the 
catchment area. Only about 8 % is used for agricultural production and 58 % of the land is in (semi-) 
natural state. Nevertheless, the land use and urbanization condition varies widely between the five 
sub-catchments (Fig.5.2).  
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5.2.2 Sampling and laboratory analysis 
5.2.2.1 Sediment samples 
Sites of potential sediment sources were selected throughout the catchment after several field 
observations during storm events. After the identification of the sediment mobilization hot spots and 
transport processes operating within the study catchment, source sediment samples (n = 98) and 
alluvial sediment samples (n = 24) were collected during the rainy season of 2011. Sediment sources 
were divided into the land use categories of urban, agricultural, and (semi-) natural. The Riacho 
Fundo sub-catchment (branch A) is the sub-catchment with the highest human impact and highest 
variability of land uses (Gioia et al., 2006; Franz et al., 2013a, 2013b; Menezes, 2010). Therefore, the 
n = 50 urban, agricultural, and natural sampling sites were further subdivided in specific land use 
types to obtain the metal concentrations in the sediment according to different anthropogenic 
activities (Tab. 5.1). 
Tab.5.1: Sediment source categories and land use types (including the number of source sediment 
samples) and alluvial sediments collected within the whole Lago Paranoá catchment and the Riacho 
Fundo sub-catchment.  
Source sediments 
land use category Lago Paranoá catchment 
(n = 98) 
land use sub-types Riacho Fundo  
sub-catchment (n = 50) 
urban 60 
 
 
 
 
 
  
  
  
  
  
12 construction sites 5 
  13 highway 3 
  paved road 3 
  unpaved road 3 
  - ditches 3 
  35 residential area 5 
  detached/semi-detached houses 4 
  high-density block development 4 
  rural residential area/nucleo 
rural 
3 
agricultural 22 
 
  
4 farm track 3 
  14 crop land 4 
  4 pasture 3 
natural 16 
 
11 campo/cerrado 4 
  - gully 3 
alluvial sediments 
sub-catchment  Sediment profiles  
(0-40 cm depth) (n = 6) 
 sediment samples ( n =24) 
Riacho Fundo 1 4 
Gama 1 4 
Bananal 1 4 
Torto 1 4 
Central Paranoá 2 8 
 
Samples retrieved from potential sediment sources were surface scrapes (0 - 5 cm) collected from 
areas identified as susceptible to mobilization of sediment by water erosion and its subsequent 
delivery in the river channel system and reservoirs. Subsurface samples were taken from gullies along 
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a transect of about 10 - 15 m. Each source material sample comprised a composite of smaller scrapes 
(10) collected in the vicinity of the individual sampling sites (within an area of 100 - 400 m² for the 
land use categories and within a radius of 15 m for point sources of the land use sub-types) in order 
to increase the representativeness of the individual samples and of the over-arching sampling 
strategy.  
To determine the metal concentrations in sediments which have been mobilized and transported 
towards the river channel system recently, profiles of alluvial sediments were collected: four profiles 
up to a depth of 40 cm at each tributary to Lago Paranoá (sediment profiles in branches A, B, C, and 
D) and two profiles in the central part of the lake (branch E) (Tab.5.1). Branch E shows only several 
small inflows (Fig.5.3). The sites (rivers discharging to branch A to E) were identified as being 
regularly inundated during floods, and are therefore frequently subject to overbank deposition or to 
deposition in active silting zones at the Lago Paranoá.  
A B
C
D
E
water
samples (A-E)
sediment
profiles
wastewater
treatment
plant
(ETE Norte;   ETE Sul)
ETE Norte
Central 
Paranoá
ETE Sul
 
Fig.5.3: Sampling sites of the water samples (branch A to E, wastewater treatment plants ETE Norte 
and ETE Sul) and alluvial sediment profiles (Menezes, 2010; Padovesi-Fonseca et al., 2002).  
All samples were collected using a non-metallic trowel, which was repeatedly cleaned to avoid inter-
sample contamination. The rather homogenous metal concentrations of the bedrock and the small 
variation of top soils types across the catchment allowed for using mean values of metal 
concentrations as representative geological background values for the whole.  
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The sediment samples were dried at 40°C until a constant dried mass was reached, then sieved (< 2.0 
mm), and ground using an agate mortar (with the exception of the texture analysis).  
The sample preparation process for the metal analysis (Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Sr, Ti, Zn) by 
atomic absorption spectrometry (Spectro Ciros CCD) includes dissolution by HNO3 and microwave 
digestion (DIN ISO 14869-1, 2003). This yields the total elemental load for the size class < 2.0 mm, but 
does not discriminate the metals adsorbed to organic versus inorganic sediment particles 
(Impellitteri et al., 2002; Sun et al., 2001). Certified analytical grade reagents were used throughout 
the process. In addition, blanks were run through all experiments to detect any potential 
contamination. 
Texture analysis was carried out according to the Köhn-pipette-method after the removal of the 
organic fraction and chemical (sodium pyrophosphate) and physical dispersion (ultrasonic treatment) 
(DIN 19683, 1973). The pH values were measured electrometrically in soil-water suspension using 
bidest water and 0.01 M CaCl2 (DIN ISO 10390, 2005). 
5.2.2.2 Water samples 
Aqueous grab samples were collected from the river water to the branches of the main tributaries in 
the Lago Paranoá: Riacho Fundo (A, n = 4), Gama (B, n = 4), Bananal (C, n = 4), Torto (D, n = 3), and in 
the central part of the lake (Paranoá Jusante = Central Paranoá E, n = 3) were taken in different 
months. The sampling campaign was undertaken during the dry and rainy periods of 2011 and 2012 
in collaboration with the Brazilian water supplier ‘Companhia de Saneamento Ambiental do Distrito 
Federal (CAESB)’. Additional 28 composite samples (time-proportional) were collected between 2010 
and 2012 from the effluents of the two main wastewater treatment plants ETE Sul (n = 12) and ETE 
Norte (n = 16) during working weeks. The sites of the water samples are shown in Fig.5.3. 
Measurements of total metal concentrations were performed by means of inductively coupled 
plasma optical emission spectroscopy (ICP-OES) using a Vista-Pro CCD simultaneous ICP-OES 
spectrometer (Varian). The aqueous samples were filtered prior to analysis by using 0.45 µm 
membrane filters (cellulose acetate, 25 mm syringe filters) and acidified with HNO3 (65 %, suprapur, 
Merck). Samples were diluted with MilliQ water (Millipore) according to the calibration range set for 
the different elements. Calibration was set from 5 to 2000 µg/L, the standard deviation SD is ± 2% for 
each element.  
5.2.3 Data analysis 
Descriptive statistical analyses of the samples were performed as the first approach for the 
evaluation of the metal concentrations. Skewness and kurtosis were calculated with a Microsoft 
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Excel software package (2007) to test for normal distribution. The relation between the metals was 
analyzed by using Pearson´s correlation coefficients and Principal Component Analysis (PCA). The 
PCA allows the identification of the components responsible for the total variation of the data and 
the variable groups that explain these variations, which cannot be obtained by Pearson correlations. 
PCA with scaling focused on inter-species correlations were performed using the software package 
XLSTAT for WINDOWS 7 Excel (Microsoft). Varimax rotation was used to maximize variation 
explained by the components. A binary correlation matrix was computed for all land use categories 
to check for high correlations among metal concentrations indicative for the characterization of a 
specific land use category. The results of the PCA include the percent of variation explained, and 
reveal groupings of variables with respect to their different land use categories. 
For each of the potential sediment source sets, the anthropogenic influence on metal concentrations 
was evaluated using the Enrichment factor (EF) with the local mean geological concentrations as 
background (Blaser et al., 2000). The EFs of the metals Al, Cd, Cr, Cu, Fe, Ni, Mn, Pb, Sr, and Zn have 
been calculated according the following equation (1): 
   (1) 
 
where Cx is the concentration of the x metal whose enrichment is to be calculated, and Cn is the 
concentration of the N normalizing element (Ti) assumed to be uniquely characteristic of the 
background (Burak et al., 2010; Franz et al., 2013a; Freitas-Silva and Campos, 1998). For this study, 
the ambient consists of samples from potential sediment sources and alluvial sediment profiles 
(depth 40 cm) in the silting zones of the Lago Paranoá. The local background values are taken from 
samples of the natural areas with Cerrado vegetation. A particle size correction factor Z was 
incorporated into the enrichment factor algorithm, particle size exerts a major influence upon 
element concentrations (Filipek and Owens, 1979; Thorne and Nickless, 1981; Horowitz and Elrick, 
1987).  
The results of the total metal concentration in the alluvial sediments and water samples of each main 
river discharging to the branches (A, B, C, D) and of the Central Paranoá (E) were compared with the 
indices of water and sediment quality, defined by the CETESB (Companhia de technologia de 
sanemento ambiental - Company of Environmental Sanitary Technology from the Office of 
Environment of Sao Paulo State, Brazil). CETESB is a Brazilian State Agency that proposed the first 
tabulation of guidance values for metals to identify maximum acceptable values of contamination in 
Brazilian soils, sediments and water (CETESB 2001, 2005). Beside the reference values, CETESB (2005) 
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also proposed prevention and intervention values. Concentration values above the prevention values 
suggest a potential risk to human health, which already exists, if the metal concentrations are above 
the intervention values. 
Regression analyses were used to compare the metal concentration in the alluvial sediments and in 
the water samples of each sub-catchment and to examine the correlation between metal 
concentration in sediments and area of urban land use. 
5.3 Results and discussion 
5.3.1 Metal concentrations and EFs in potential source sediments  
The metal concentrations in sediments of potential sources with respect to different land uses 
(urban, agricultural, and (semi-)natural) are different from each other (Fig.5.4).  
 
Fig.5.4: Mean values for metal concentrations in source sediments within the Lago Paranoá 
catchment. 
In general metal concentrations in urban and agricultural source sediments are higher than those 
from natural sites. Sediments from urban areas have higher concentrations of Cr, Cu, Mn, Ni, Pb, Sr 
and Zn. The concentrations of Cd are low (< 200 µg/kg).  
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Urban sediments are likely to contain higher concentrations of metals due to runoff from urban 
surfaces, such as from metallic surfaces (Cr, Ni, Pb) or weathered paint of buildings (Cr) (Granier et 
al., 1990). However, the concentration of elements vary between the urban sites with different 
anthropogenic activities (land use sub-types). The highest values for Sr (81 mg/kg) and Mn (333 
mg/kg) are found in sediments from construction sites. Building materials, like steel and alloys are 
assumed to be the primary sources of these elements (Granier et al., 1990).  
The highest concentrations of Pb (27 mg/kg) are measured in sediments from residential areas, 
which exceeds the natural background value by about 27 times. Potential anthropogenic Pb sources 
are household goods and automobiles, including alloys, batteries, cable coatings and pigments 
(Taylor and Owens, 2009). In addition, sediments from residential areas and construction sites are 
characterized by higher mean concentrations of Cu (35 mg/kg; 38 mg/kg) and Ni (14 mg/kg; 12 
mg/kg) compared to the natural background (Cu: 14 mg/kg; Ni: 5 mg/kg). Cu-Ni alloys are commonly 
used for mechanical and electrical equipment, medical equipment, zippers, jewelry items, and as 
material for strings instruments (Copper Development Association, 1982). 
In sediments from agricultural areas the concentration of Cr (143 mg/kg), Cu (32 mg/kg) and Zn (56 
mg/kg) are higher than in urban sediments. However, sediments from agricultural areas are 
characterized by higher contents of clay (59-63 %) and silt (11-27 %) than sediments from urban 
(clay: 12-40 %; silt: 10-32 %) and natural sites (clay: 32-48 %; silt: 24-27 %). Clay and silt rich soils are 
likely to contain higher amounts of these metals, which are preferential adsorpted by the fine 
fraction. Therefore, the higher metal concentrations are rather caused by textural variability than by 
human impact.  
Despite the almost homogenous geological background within the basin distinct differences are also 
observed for Al (urban: 67223 to 177320 mg/kg; agriculture: 153150 to 164603 mg/kg, (semi-) 
natural: 27835 to 34491 mg/kg) and Fe (urban: 54789 to 79116 mg/kg; agriculture: 68664 to 93283 
mg/kg, (semi-) natural: 16858 to 24575 mg/kg).  
In addition, the metal concentration values obtained from the analysis of potential source sediments 
are used for the calculation of enrichment factors (EFs) to demonstrate the differences in metal 
concentrations in sediments between urban, agricultural and natural areas (Tab.5.2). Metals with EF 
values higher than 1.0 (Cd, Cr, Cu. Mn, Ni, Pb, Sr, Zn) and higher than 2.2 (Al and Fe) can be 
considered as not originating from the local geological background.  
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Tab.5.2: Enrichment factors of metals (EFs - mean values) in source sediments within the Lago 
Paranoá catchment.  
Enrichment 
factors 
Al Cd Cr Cu Fe Mn Ni Pb Sr Zn 
residential area 2.8 8.5 1.7 2.4 2.7 9.3 3.5 27.0 14.0 2.8 
roads 2.1 7.5 1.7 1.4 2.2 2.8 2.3 14.0 11.8 2.1 
construction sites 2.6 9.5 1.4 2.2 2.5 12.3 3.0 21.0 20.3 2.4 
agricultural areas 4.5 4.5 2.2 2.0 3.6 3.4 4.0 4.0 4.0 3.3 
 
The EF values of Pb (EF = 27.0), Sr (EF = 20.3), Mn (EF = 12.3) and Cd (EF = 9.5) are highest in urban 
sediments, particularly in sediments from residential areas and construction sites. Among the urban 
sediment source types, road sediments have the lowest EFs for all metals, except for Cr. In contrast 
to the EF of urban sediments, agricultural sediments are characterized by high EF values of Al (EF = 
4.5), Cr (EF = 2.2), Cu (EF = 2.4) Fe (EF = 3.6), Ni (EF = 4.0) and Zn (EF = 3.3). Even using the particle 
size correction factor, the enrichment of these metals in agricultural sediments are influenced by the 
dominating clay fraction and by pedogenetic enrichments due to the transformation of mineral 
phases and the stronger sorption of the transition elements (Ni2+, Cu2+, Zn2+) by Fe- and Mn-oxides.  
The analyses of the metal concentrations of 13 different land use sub-types within the Riacho Fundo 
sub-catchment show a similar pattern of metal concentrations in source sediments as obtained for 
land use categories (urban, agricultural and (semi-) natural) within the Lago Paranoá catchment 
(Fig.5.5).  
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 Fig. 5.5: Mean values for metal concentrations in source sediments within the Riacho Fundo sub-catchment.  
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The division of the three land use categories into 13 sub-types indicates differences in element 
concentrations among urban areas with different anthropogenic activities. Sediments in high-density 
block development areas, such as the residential area “Aguas Claras” (Fig.5.2), with paved roads and 
intensive construction activity, are characterized by enrichments in Cr (108 mg/kg), Cu (41 mg/kg), 
Mn (555 mg/kg), Ni (13 mg/kg), Pb (26 mg/kg), Sr (86 mg/kg) and Zn (47 mg/kg). In contrast, 
sediments from residential areas with detached or semi-detached housings, e.g. “Vincente Pieres” 
(Fig.5.2), show significant lower mean concentrations of Cu (26 mg/kg), Mn (115 mg/kg), Pb (6 
mg/kg) and Sr (58 mg/kg). But the differences in the mean concentration of Zn (42 mg/kg) are 
relatively low, compared to residential areas with high density block development. Although the 
geological background is almost homogenous within the Riacho Fundo sub-catchment, the mean 
concentration of Al and Fe show extreme differences between residential areas with high density 
block development (Al: 87343 mg/kg and Fe: 35819 mg/kg) and detached or semi-detached housing 
areas (Al: 177204 mg/kg and Fe: 79116 mg/kg). The high difference in Al and Fe concentrations 
reflects that less surface sealing and unpaved roads are largely responsible for the sediment 
generation from highly weathered soil layers, which contain high concentration of Al and Fe as stable 
residues in acidic well-aerated soils (Marques et al., 2003).  
Agricultural sediments are characterized by a different geochemistry and texture, compared to the 
sediments from urban as well as from natural sites. High enrichments were found for Cu (36 mg/kg), 
Cr (157 mg/kg), Ni (12 mg/kg) and Zn (54 mg/kg) based on the local geological background values.  
The concentrations of Cd are < 300 µg/kg, whereas sediments from urban are characterized by 
higher Cd contents (180 to 290 µg/kg) than sediments from (semi-) natural sites (< 50 µg/kg = below 
detection). 
Among the 12 urban and agricultural land use sub-types within the Riacho Fundo sub-catchment, 
urban sediments from high density block development show the highest EF values for most of the 
analyzed metals, particularly for Cd (EF = 8.5), Cr (EF = 2.6), Cu (EF = 2.3), Mn (EF = 18.5), Ni (EF = 2.6), 
Pb (EF = 26.0) and Zn (EF = 2.6). In contrast, EF values for these metals are lower in sediments from 
urban areas with detached/semi-detached houses: Cd (EF = 7.5), Cr (EF = 1.5), Cu (EF = 1.4), Mn (EF = 
3.8), Ni (EF = 2.0), Pb (EF = 6.0) and Zn (EF = 2.3) (Tab.5.3). 
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Tab.5.3: Enrichment factors of metals (EFs- mean values) in source sediments within the Riacho 
Fundo sub- catchment.  
Enrichment factors Al Cd Cr Cu Fe Mn Ni Pb Sr Zn 
high density block 
development 
3.1 8.5 2.6 2.3 3.3 18.5 2.6 26.0 5.5 2.6 
detached/ semi-
detached houses 
6.4 7.5 1.5 1.4 4.7 3.8 2.0 6.0 14.3 2.3 
construction sites 2.6 9.0 1.3 1.8 3.4 11.7 2.2 19.0 19.3 2.1 
highways 2.4 8.5 1.2 1.2 3.6 2.5 1.6 12.0 10.3 1.6 
paved roads 3.1 7.5 1.5 1.0 3.2 2.9 1.6 13.0 21.3 1.6 
unpaved roads 2.1 8.0 1.0 1.2 3.8 2.3 1.6 12.0 5.0 1.6 
ditches 1.6 7.5 1.6 1.3 3.0 3.7 2.6 13.0 10.8 2.2 
residential areas 5.6 7.0 1.5 1.7 4.4 7.5 2.2 11.0 12.0 2.3 
rural residential areas 
“nucleo rural” 
1.2 6.0 0.6 1.7 1.4 1.7 0.8 3.0 4.3 2.3 
farm tracks 5.5 5.5 2.5 1.7 5.3 2.4 2.2 10.0 1.8 1.7 
cropland 5.9 5.0 2.0 1.9 4.1 3.0 3.0 3.0 4.8 3.1 
pasture 5.6 4.5 2.4 2.4 5.5 2.0 2.2 3.0 1.5 1.6 
 
The most distinct differences in metal enrichments exist for Pb and Mn between these two urban 
land use types. Within urban areas, construction sites are characterized by high EFs of Cd (EF = 9.0), 
Pb (EF = 19.0), Sr (EF = 19.3). Urban road network shows also considerable EFs (>1) for all metals, 
whereas the highest EF value for Sr (EF = 21.3) was obtained for unpaved roads. The lowest EFs were 
calculated for rural residential areas (“nucleo rural” – single farms in campo/cerrado areas), which 
represent areas with minor anthropogenic influence.  
5.3.1.1 Principal component analyses (PCA) of metal concentrations in source sediments  
Significant positive correlations were found in source sediments for Pb - Mn, Zn - Ni, Cr - Ni, and Sr - 
Cd. In the PCA two factors with eigenvalue higher than 2.0 were extracted. This model explained 
89.46 % of the total variance in the data (Fig.5.6). 
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Fig.5.6: Factor loadings and the correlation from principal component analysis of metals. 
The metals Pb - Cd and Al - Cr are significantly positive correlated, while no correlations were found 
among Sr - Cu, Pb - Al and Cr - Cd. The F1 (49.46 % of the total variance) had strong positive loadings 
on Pb, Cd, and Sr, and moderately positive loadings on Mn and Zn, which represented anthropogenic 
sources (urban sediments). F2 (40.00 % of the total variance) had strong negative loadings on Cr, Al, 
and Fe, and lower negative loadings on Cu and Ni, likely representing other human impacts 
(agricultural sediments). The transfer of these results into the biplot of the land use categories 
indicates that Sr Pb, Cd and Mn are characteristic for urban land use and individual sub-types. 
Agricultural sediment sources can be identified by the concentration pattern of Ni, Cu, Fe, Al and Cr 
(Fig.5.7). 
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Fig.5.7: Biplot of factor 1 (F1) and factor 2 (F2) and factor loading with respect to the land use types.  
Supporting the previous comparison of total metal concentrations using the natural sites as 
reference, the PCA shows that residential areas with high density block development (urban sites) 
and paved roads have significantly higher correlations with Pb, Mn and Cd (81 %; p < 0.05), than 
potential sediment sources under agricultural land use. Urban sites dominated by residential housing 
and unsealed surfaces, such as unpaved roads and unsealed spacing between single houses, have 
strong correlations with Sr (74 %; p < 0.05). In contrast, the elements Cr, Ni, Cu, and Zn (84 %; p < 
0.05) are characteristic for sediments from areas with agricultural land use, indicating preferential 
adsorption of these metals at the clay and silt fraction. 
 
5.3.2 Metal concentrations and EFs in alluvial sediments 
Geochemical studies by Moreira (2002) and Gioia (2006) showed that metal concentrations in 
sediments of the Torto branch (branch D) reflect almost the natural background concentrations for 
the elements Cr, Cu, Cd, Pb and Zn in the lake sediments. Based on these results in our studies the 
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sediment quality in the Torto branch is used as background level for the sediment quality within the 
Lago Paranoá basin. 
The analysis of the alluvial sediment profiles of each main tributary (sub-catchments), which are 
discharging into branches and silting zones A to E (Fig. 3) and the calculation of enrichment factors 
(EF) show that the metal concentrations in the alluvial sediments of each sub-catchments are 
different and that there are variations within each of the 40 cm profiles (Fig.5.8). Based on an 
average sedimentation rate of about 2.5 cm/y within the Lago Paranoá catchment (Franz et al., 
2012), the 40 cm of sediment deposits are representative at least for the sedimentation in the last 10 
years.  
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Fig.5.8: Metal concentrations in alluvial sediments of each discharge to branch A to E/ sub-
catchments (mean concentration and ranges 25th- and 75th-percentile). 
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In general, the alluvial sediments are characterized by lower mean concentrations of metals 
compared to the mean concentrations in potential urban source sediments (Fig.5.4). An exception is 
Zn, which was found in higher concentrations in the alluvial sediments of the Central Paranoá (64 
mg/kg) and of the Bananal (55 mg/kg). 
For the evaluation of the metal concentrations in the alluvial sediments and of the anthropogenic 
impact within each sub-catchment, enrichment factors were calculated, using the local geological 
background values (Tab.5.4).  
Tab.5.4: Enrichment factors of metals (EFs- mean values) in alluvial sediments of each sub-
catchment. 
Enrichment 
factors 
Al Cd Cr Cu Fe Mn Ni Pb Sr Zn 
Bananal 1.4 6.4 1.1 2.9 2.6 2.9 1.5 7.8 5.6 2.9 
Central 
Paranoà 
1.3 7.2 1.3 2.8 3.6 3.1 1.6 17.4 5.6 3.0 
Gama 1.1 5.5 0.4 2.4 1.0 2.5 0.9 4.1 3.5 1.1 
Riacho Fundo 1.1 6.8 0.5 2.4 1.1 1.8 1.0 3.7 2.2 1.6 
Torto 0.6 2.6 0.3 1.2 0.7 0.6 1.0 1.4 2.2 0.6 
 
In general, the highest EFs are present in the alluvial sediments from the Central Paranoá. Pb, Cd and 
Sr are highly enriched by 17.4, 7.2 and 5.6, indicating a strong influence of urban land use on the 
accumulation of these metals in sediments. Moderate enrichments have been observed for Fe (3.6), 
Mn (3.1), Zn (3.0), Cu (2.8), Cr (1.3) and Ni (1.6). Since the concentrations of Mn and Fe are increasing 
with depth in the profiles, the enrichment of these metals might be influenced by pedogenetic 
translocation and therefore not only resulting from anthropogenic sources.  
In contrast, the sediments of the Bananal show also higher EFs for Pb (7.8), Sr (5.1), Cd (6.4), Cu (2.9), 
Zn (2.9)and Ni (1.5), but having low human activity along the tributaries within the Bananal sub-
catchment (11 % of the total area with urban land use) (Fig. 2). Therefore, the recent/ current 
intensive construction activities, primarily transportation network development, within this sub-
catchment and other sources of metals in sediments, e.g. point sources, have to be considered within 
the Bananal sub-catchment. Even the EF values in the alluvial sediments of the Riacho Fundo and 
Gama are lower than in the alluvial sediments of the Central Paranoá and Bananal, Cu and Pb are 
highly enriched, showing EFs twice as high than those of the Torto sediments. The low EFs in the 
alluvial sediments of the Torto sub-catchment are resulting from the large proportion of the National 
Park (86 % of the areas are natural area) within this sub-catchment. However, the EF values of Cd 
(2.6), Cu (1.2), Pb (1.4) and Sr (2.2) are > 1, which might be attributed to anthropogenic sources 
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within the Torto sub-catchment. Therefore, even the urban influence is still low within the Torto sub-
catchment it has already an important contribution to metal enrichments in sediments.  
The results suggest that the EFs are related to the land use proportioning of each sub-catchment (see 
Fig. 2). Therefore, the stronger the human impacts due to urbanization, the higher are the metal 
concentrations and EFs in the sediments.  
5.3.3 Metal concentrations in surface water samples 
The metal concentrations of the rivers discharging into the Lago Paranoá (influent to branches A to D 
from the sub-catchments) are shown in Figure 5.9. The concentrations of Cd, Cr, Cu, and Pb are low, 
no seasonal variations are obvious. The concentrations are close to the detection limit of the 
analytical method used (Cd: < 2 µg/L; Cr: < 5 µg/L, Cu: < 10 µg/L; and Pb: < 20 µg/L). Concentrations 
of Al, Fe, Mn, Sr and Zn of the water samples at the influent into the branches are higher and are 
different during the rainy and dry season. Although only a limited number of samples have been 
analyzed (mid rainy season (December 2011, January 2011), second half of the rainy season (March 
2012), and end of the dry season (September 2012) it is most reasonable that the variations in the 
concentration might result from the spatial and temporal variability of surface runoff within the 
different sub-catchments during rain events (da Anunciação et al., 2014). In the rainy season the 
concentrations of Al and Fe are highest. The concentrations are decreasing during the rainy season 
(December - January). At the end of the rainy season (March) the concentration range is almost the 
same as during the dry season (September). This trend is most obvious for the 4 main rivers Riacho 
Fundo, Gama, Bananal and Torto. The effect is less distinct in the water samples from the Central 
Paranoá which has less discharger from surface waters out of the sub-catchment. The seasonal 
variations are not so pronounced for Mn (range of the rainy season: 2 to 70 µg/L; range of the dry 
season: 3 to 26 µg/L) and Sr (range of the rainy season: < 5 to 74 µg/L; range of the dry season: 5 to 
54 µg/L), as the concentrations are much lower compared to Fe (range of the rainy season: 33 to 
2085 µg/L; range of the dry season: 270 to 604 µg/L) and Al (range of the rainy season: 38 to 2272 
µg/L; range of the dry season: 73 to 165 µg/L).  
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Fig.5.9: Concentration of Al, Fe, Mn, Sr and Zn in water samples of each branch (sub-catchment) and 
the variation within the rainy and dry season in 2011/12 (December 2011 to September 2012).  
The highest concentrations of Al, Fe, Mn and Sr are analyzed in water samples discharging into the 
Riacho Fundo branch whereas the concentrations for samples from Banal, Torto and Gama are lower. 
This holds for the rainy and dry season. Comparing the concentrations of samples from Torto and 
Gama the concentrations of the Bananal water samples are only higher in the rainy season. In the dry 
season (September) the differences in the concentrations are less distinct. The lowest concentrations 
are shown in samples from the Central Paranoá. 
In contrast to the increased concentrations of Al, Fe, Mn and Sr in the rainy season, the 
concentration of Zn in the water samples were higher in the dry season. The highest concentrations 
of Zn have been analyzed in samples of the Torto influent in September (about 127 µg/L), whereas 
the lowest concentration is given in the water samples of the Central Paranoá (about 5 µg/L and 
less). The Zn concentration of the water samples from the Bananal, Riacho Fundo and Gama are 
slightly lower than those of the Torto. 
The metal concentrations at Central Paranoá differ significantly from those of the other sub-
catchments. Concentrations of Al and Fe are very low (Al: range of 20 to 50 µg/L; Fe: range of 10 to 
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35 µg/L), while at the other branches (A to D) the concentrations of Al and Fe are more than ten 
times higher. For Mn and Sr the concentrations are in the range of 2 to 5 µg/L and 34 to 36 µg/L. 
The spatial and temporal variations in the concentrations of metals in the surface water might be 
dependent on several main factors: (1) the input due to anthropogenic activities, which is related to 
the land use proportion within the sub-catchments, point sources (e.g. wastewater treatment plants, 
the release of boot fuels); (2) the variation of precipitation between the sub-catchments, which 
involves locally concentrated (convective) storm events and storm-water overflows (e.g. runoff) from 
different land use types; terrestrial inputs of Al, Fe, Mn and Sr; (3) the relationship between the 
water volume that contributes to the lake and the size of the branch; and (4) the flows and dilution 
processes within the lake (Gioia et al., 2006; Kochhann et al., 2013).  
The seasonal variation, especially the higher Al and Fe concentrations in the rainy season, suggests 
terrestrial (anthropogenic and natural) inputs via the rivers (Balkis et al., 2010). Heavy rain events, 
increased runoff and flows contribute to higher suspended solids (turbidity), which increase the input 
of these metals in the Lago Paranoá. Metal concentrations due to terrestrial inputs depend strongly 
on the impact of urban areas within each sub-catchment (for comparison sees Figs.5.2 and 5.9). 
The distinct differences in the metal concentrations in water samples between the discharge of the 
four main rivers (A to D, particularly of the Riacho Fundo) and the Central Paranoá (E) might be also a 
result of different inflow morphologies. Moreira (2002) explained that this fact might be attributed to 
the relationship between the water volume that contributes to the lake and the size of the branches. 
Out of the four branches, the Riacho Fundo branch is more shallow and narrow, and therefore a 
higher particle transport can be pronounced. The Riacho Fundo branch has the smallest resistance to 
the entrance of water and the highest discharge from the main tributary into the lake, and therefore, 
the highest terrestrial input of metals in the water. In contrast, the Central Paranoá is characterized 
by discharges due to several small tributaries (inflows). Consequently, the terrestrial inputs 
(anthropogenic and natural) might be less important in this part of the lake, resulting in lower 
concentrations of Al, Fe and Mn in the water. Furthermore, the sampling site of Central Paranoá 
(sampling site Paranoá Jusante) is located in the central part of the lake, and therefore the site is 
more influenced by flows of the other branches. Dilution effects, sediment saltation and solution of 
different metal salts within this part of the lake are likely to have a higher impact on the metal 
concentrations in the samples than in those of the other discharges (sub-catchments). Beside these 
parameters, the differences in metal concentrations in the water samples between the five sampling 
sites (discharges into the lake; A to D) might be also be influenced from point sources (e.g. 
wastewater treatment plants, boot fuels) (Gioia et al., 2006).  
According to the discussion above, it is most obvious that the metal concentration in the surface 
water samples of Riacho Fundo, Gama, Bananal and Torto are highly influenced by the soil derived 
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metal input during the rainy season. For the site Central Paranoá the influence of point sources, 
inflow morphology and dilution effects might be more important. 
The comparison of the metal concentrations with the quality standard values of the CONAMA n° 20 
(Brasil - Conselho Nacional do Meio Ambiente, 1986, 2005) showed that Cd, Cr, Mn, Ni and Pb satisfy 
the parametric values even for drinking water supply. Although the concentrations of Al and Fe are 
higher than the quality maximum values (200 µg/ L) in the four inflow sites, the concentrations are 
decreasing to values below the parametric values at site Central Paranoá (below 50 µg/L).  
 
5.3.4 Metal concentrations in the effluent from the wastewater treatment plants 
Effluent water from the wastewater treatment plants (ETE Norte, ETE Sul) was sampled during the 
dry and at the beginning of the rainy season (July 2011, August 2011, September 2011, November 
2011 and September 2012). The data show that mean metal concentrations are temporary higher in 
the effluents than in the water samples of the influents discharging into the different branches 
(Abbt-Braun et al., 2012; Börnick et al., 2013). The concentrations of Cd, Cr, Ni and Pb are low or 
close to the detection limit of the analytical method applied. Al, Cu, Fe, Mn, Sr and Zn show higher 
concentrations. Figure 5.10 shows the mean metal concentrations and the variability in the effluent 
water samples from ETE Norte and ETE Sul.  
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Fig.5.10: Metal concentrations in effluent water samples of the two wastewater treatment plants 
ETE Norte (N) and ETE Sul (S) (mean values and ranges 25th- and 75th-percentile). 
The mean values are lower for samples from ETE Norte, both for Al and for Fe (ETE Sul: 983 µg/L Al, 
669 µg/L Fe; ETE Norte: 755 µg/L Al, 225 µg/L Fe). Compared to the Al and Fe the concentrations of 
Cu, Mn, Sr and Zn are much lower. There are no differences in the two effluent samples for the mean 
concentration of Cu, Mn and Sr. For Zn the mean concentration in the effluent water of ETE Norte is 
ten times higher (119 µg/L Zn) than in the effluent of ETE Sul. 
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5.3.5 Regression analyses 
A regression analysis of the metal concentrations (Cd, Cr, Cu, Ni, Pb, Sr and Zn) in the alluvial 
sediments and in the water samples of each sub-catchment was performed (Fig.5.11).  
 
Fig.5.11: Regression analysis for the correlation between metal concentrations (Cd, Cr, Cu, Mn, Ni, 
Pb, Sr, Zn) in alluvial sediments and water samples (A-E) of each sub-catchment. 
The regression analysis shows that the metal concentrations in the sediments are negative correlated 
with the concentrations in the water (R² = 0.90) for the Central Paranoá sub-catchment. In contrast, 
for all other sub-catchments the regression model indicated a positive correlation between metal 
concentrations in the sediment and water. Therefore, the terrestrial input of metals (anthropogenic 
and natural) into the lake is more important in the sub-catchments, having one main tributary 
discharging to the branches (A-D) than in the Central Paranoá (E). The most significant positive 
correlation between the metal concentrations in alluvial sediments and in the water was verified for 
the Gama (branch B) (R² = 0.91) and Riacho Fundo (branch A) (R² = 0.90) sub-catchment, whereas the 
correlation were less positive for the Bananal (R² = 0.73) and Torto (R² = 0.66) sub-catchment.  
As shown above for the Central Paranoá sub-catchment the intensive urban land use has a direct 
impact on metal enrichments (Cd, Cr, Cu, Ni, Pb, Sr and Zn) in the sediments; although this is not 
reflected in the metal content of the aqueous phase. 
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For the Riacho Fundo and Gama sub-catchment it is obvious that particularly during the rainy period 
the terrestrial input of metals (anthropogenic and natural derived) affects both the sediment and the 
water body. This is less pronounced for the Bananal and Torto sub-catchment. 
Finally, the positive correlation (R² = 0.63) between metal concentrations in the alluvial sediment and 
the area of urban land use suggests, that urban activities have an contribution to metal accumulation 
in sediments within the Lago Paranoá catchment (Fig.5.12a). Particularly within the Riacho Fundo (R² 
= 0.89) and Central Paranoá (R² = 0.88) sub-catchments the correlation seems to be related to the 
intensive urban land use, which is characterized by high density block development with paved roads 
and constructions sites (Fig.5.12b). 
 
Fig.5.12a: Regression analysis for the relationship between metal concentration (Cd, Cr, Cu, Ni, Pb, 
Sr, Zn) in sediments and the proportion of urban areas for the whole Lago Paranoá catchment.  
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 Fig.5.12b: Regression analysis for the relationship between metal concentrations (Cd, Cr, Cu, Ni, Pb, 
Sr, Zn) in sediments and the proportion of urban areas with high density block development for the 
Central Paranoá and Riacho Fundo sub-catchment. 
5.4 Conclusion 
The purpose of this study was to investigate the metal concentrations in potential source sediments, 
alluvial sediments, and surface waters, and to determine the specific effects of different land uses on 
metal concentrations in sediments and water within the Lago Paranoá catchment.  
The concentration of metals varied among source sediments and alluvial sediments, as well as among 
the five sub-catchments of the Lago Paranoá basin. Metal enrichments in sediments depend on both 
the extent of urban land use and the textural characteristic of the sediments in the respective river 
basin. Sediments from urban areas and alluvial sediments of the Riacho Fundo and Central Paranoá 
sub-catchment show enrichments in Pb, Sr, Mn, Cr, Ni and Zn due to human impact. Metal 
concentrations in surface water of the main tributaries to the Lago Paranoá are generally low, but 
show seasonal variability. Terrestrial inputs of metals occur during the rainy season and depend 
largely on the influence of urban land use. In addition, heavy metals, like Cu, Cd, Cr, and Zn are 
discharged from point sources like the effluents of the wastewater treatment plants. 
In conclusion, the study has given following findings: 
- There is no evidence for metal pollution of surface water within the Lago Paranoá 
catchment. Nevertheless, further monitoring is needed for the maintenance of high raw 
water quality within the Lago Paranoá catchment in the future. 
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- There is a strong relationship between metal enrichments in sediments and urban land use. 
The metal concentrations in alluvial sediments of the Riacho Fundo and Central Paranoá sub-
catchment showed that urban areas, especially high density block development and 
construction activities, are a major source of sediments within the basin. The agglomeration 
Brasília is still growing. Thus, it is likely that the future urban development and constructions 
will cause an increasing metal enrichment in sediments within the Lago Paranoá catchment. 
Therefore, protective measures are needed to reduce the sediment mobilization from urban 
areas and to minimize soil erosion. Thus, the implementation of an appropriate land use and 
sediment management plan will be a major element in the protection of water resources  
- There is evidence that metal enrichments in alluvial sediments are a possible cause of risk for 
water pollution in the near future due to the remobilization of metals. Since silting is a 
serious problem of the Lago Paranoá, especially at the Riacho Fundo branch, this legacy of 
metal pollution is one of the largest problems facing urban catchments. The residence time 
of sediment in rivers and reservoirs is much longer than that of water, thus the substantial 
reduction of sediment input into the river system and reservoirs areas is of high priority.  
Hence, there is a need for further measurements to validate the current data and trends, to prove 
the given hypothesis, and to understand the complex processes and interactions within the sediment 
and water cascade of urban river basins. Particularly the establishment of a sediment monitoring 
network with high temporal resolution will be an essential element to understand the effects of 
urbanization and soil management on sediment generation and to provide detailed information on 
metal pollution of sediments and water. This scientific basis is crucial for IWRM and in scope of a 
sediment management plan, especially in urban catchments.   
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Abstract 
The development of effective sediment management strategies is a key requirement in tropical areas 
with fast urban development, like Brasília DF, Brazil, because of the limited resources available. 
Accurate identification and management of sediment sources areas, however, is hampered by the 
dearth of reliable information on the primary sources of sediment. Few studies have attempted to 
quantify the source of sediment within fast urbanizing, mixed used, tropical catchments. In this 
study, statistically verified composite fingerprints and a multivariate mixing model have been used to 
identify the main land use specific sources of sediment deposited in the artificial Lago Paranoá, 
Central Brazil. Because of the variability of urban land use types within the Lago Paranoá sub-
catchments, the fingerprinting approach was additionally undertaking for the Riacho Fundo sub-
catchment. The main contributions from individual source types (i.e. surface materials from 
residential areas, constructions sites, road deposited sediment, cultivated areas, pasture, farm 
tracks, woodland and natural gullies) varied between the whole catchment and the Riacho Fundo 
sub-catchment, reflecting the different proportions of land uses. The sediments deposited in the 
silting zones of the Lago Paranoá originate largely from urban sources (85±4%). Areas with (semi-) 
natural vegetation and natural gullies contribute 10±2% of the sediment yield. Agricultural sites have 
only a minor sediment contribution of about 5±4 % within the whole catchment. Within the Riacho 
Fundo sub-catchment there is a significant contribution from urban (53±4%) source, such as 
residential areas with semi-detached housings (42±3%) with unpaved roads (12±3%) and 
construction sites (20±3%) and agricultural areas (31±2%). The relative contribution from land use 
specific sources to the sediment deposition in the silting zone of the Lago Paranoá demonstrated that 
most of the sediment is derived from sites with high anthropogenic impact.  
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6.1 Introduction 
In recent decades information regarding sediment sources has considerably enhanced our 
understanding of patterns of erosion, transfer, and storage of alluvium (Fig.6.1). 
 
Fig.6.1: Sediment cascade. 
An improved understanding of sediment sources represents an important research need in the study 
of drainage basin sediment delivery systems. It has important implications for the development of 
more effective sediment and pollution control strategies and in aiding the interpretation of sediment 
yields in terms of different land use in river basins.  
The metropolitan region of Brasília is one of the large urban aggregations in Brazil where, due to fast 
urban sprawl and accelerated land use change, available water supplies are near their limit (Lorz et 
al., 2011). Water supply for the capital Brasília and the surrounding semi-arid region depends largely 
on surface water collected in reservoirs. The risk of soil erosion and silting of water reservoirs in 
tropical regions has increased during the convective storm events typical to the regions. Concerns 
about the impact of accelerated rates of soil erosion due to land clearance and poor land 
management has traditionally focussed on soil degradation resulting in reduced crop productivity or 
even the destruction of soil resources. (e.g. Evans and Boardman, 1994; Lal, 1998b; Zeleke and Hurni, 
2001; Markewitz et al., 2004; Zucca et al., 2010). But, increased attention has also been directed to 
the equally important off-site effects. These potential impacts include reservoir sedimentation and 
associated siltation of hydraulic and infrastructural structures, and also the role of sediment as a 
diffuse source of pollution due to the transport and remobilization of sediment-associated nutrients 
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and contaminants, resulting in a degradation of aquatic habitats and drinking water quality (e.g. 
Acornley and Sear, 1999; Nagle et al., 1999; Fitzpatrick et al., 2007; Taylor et al., 2008; Taylor and 
Owens, 2009; Hentati et al., 2010; Yi et al., 2011). In the DF Western Central Brazil, the water supply 
is at risk of being seriously affected by silting of reservoirs due to rapid population growth and land 
use change, and the associated increase in sediment production. Silting reduces the capacity of 
reservoirs and imports nutrients and pollutants into them as well. Effective sediment control 
strategies require targeting the most important sources of sediment within an urban setting. 
Traditional sediment source analysis are based on direct measurement techniques, including visual 
interpretation of potential sources from photographs and field studies (e.g. Wilson et al., 1993), the 
monitoring and local measurements with profilometers (e.g. McCool et al., 1981) and the 
measurement of soil loss in areas representative of different land use by dint of erosion plots (e.g. 
Loughran et al., 1992). However, the use of these direct measurement techniques is often impeded 
by numerous temporal and spatial sampling difficulties, operational problems, and the costs involved 
(e.g. Peart and Walling, 1988; Loughran and Campbell, 1995). In view of the complexity of sediment 
mobilisation and delivery, the development of the sediment fingerprinting technique is a valuable 
alternative for accessing information on sediment mobilization in response to different land 
management practices (e.g.Wall and Wilding, 1976; Wood, 1978; Oldfield et al., 1979; Peart and 
Walling, 1986). Sediment fingerprinting is one method that can be used to establish the relative 
importance of the main sediment sources in a catchment (Walling and Woodward, 1992; Collins et 
al., 1997a, 1997b; Wallbrink et al., 1998; Walling et al., 1999; Rowan et al., 2000; Collins and Walling, 
2002; Walling, 2005; Minella et al., 2008; Devereux et al., 2010; Collins et al., 2013; Collins et al., 
2010; Smith et al., 2013; Theuring et al., 2013). The sediment fingerprinting approach has primarily 
been applied in rural settings with land use and the stream-banks classified as the major source 
types, while sediment fingerprinting studies in urban settings are less common (e.g. Carter et al., 
2003; Poleto et al., 2009; Devereux et al., 2010). Urbanization is a multi-dimensional process with 
variable rates and intensity (Jacobson and Coleman, 1986). In addition, the same procedures have 
been also been recently employed to establish agricultural losses in the context of those from 
neighbouring urban areas (Gellis et al., 2009; Collins et al., 2009; Mukundan et al., 2010). 
Sediment generation from existing heavily urbanized areas with little or no construction activity and 
extensive sealing may be limited, whereas still growing agglomerations like Brasília are characterized 
by intensive construction and building activities, which generate numerous potential temporary 
sources of sediment. Additionally, suburban development typically occurs in heterogeneous and 
scattered patterns. It might be difficult to define urban sediment sources and corresponding 
geochemical urban signatures by land use types, as is done for example with Cs-137 in rural settings 
(e.g. Wallbrink et al., 1998).    
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In this study, a sediment fingerprinting approach, which includes the application of a multivariate 
mixing model, was employed to provide information on the relative proportion of alluvial sediments 
at the outlets of the Lago Paranoá derived from various source with different land use.  
Sediment fingerprinting is based on two principal assumptions: (1) that catchment sediment sources 
are distinguishable from each other on the basis of their geochemical and geophysical properties; 
and (2) that comparison of deposited sediment and source samples using these properties enable the 
relative importance of the different potential sources to be determined. To date, several studies 
have provided information on suitable sediment properties that can be successfully used to 
discriminate potential sediment sources within a catchment. These fingerprint properties include 
geochemical composition (e.g. Passmore et al., 1994; Collins et al., 2010), mineralogy (e.g. Klages and 
Hsieh, 1975), mineral magnetism (e.g. Walden et al., 1997), environmental radionuclides (e.g. 
Walling and Woodward, 1992, Devereux et al., 2010), stable isotopes (e.g. Douglas et al., 1995), rare 
earth elements (e.g. Morton, 1991), biogenic properties (e.g. Brown, 1985), organic substances 
(Hasholt, 1988) and particle size (e.g. Stone and Saunderson, 1992). Although some studies have 
been based upon the use of a single fingerprint property, the pursuit of a single best diagnostic 
property, and the reliability of using only a single diagnostic is increasingly considered unrealistic (e.g. 
Collins and Walling, 2002). For example the value of an individual fingerprint property can match that 
for a specific sediment sample, but might represent a mixed sediment sample originating from 
several potential sources. Therefore, the application of a number of different sediment properties 
reduces the risk of including a spurious source in the analysis – linkage between sediment and source 
material mixture being more realistic, if a composite of properties is used. In response to these 
concerns, fingerprinting methods now commonly include several diagnostic sediment properties to 
create a composite fingerprint, indicative of a specific source type. Such composite fingerprints 
permit a more representative and consistent method of verifying sediment origin, and often allow a 
greater number of sources to be determined (Collins and Walling, 2002). In addition to the statistical 
verification of the composite fingerprints, a multivariate mixing model has been used for the 
establishment of the relative importance of different categories of potential sediment sources. 
Several studies have successfully applied such procedure in different contexts. For example, 
sediment sources are identified by relating them to individual source types, such as surface 
sediments under different land use and channel banks (e.g. Walling and Woodward, 1995; Collins et 
al., 1997a, 1997b, Russel et al., 2001; Collins and Walling, 2002; Devereux et al.,2010), or to 
contrasting geological zones within a defined area (Collins et al., 1998; Walling et al., 1999), or to 
reconstruct historical, long-term changes in river basin sediment sources (Passmore and Macklin, 
1994; Owens et al., 1999; Rowan et al., 1999).  
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To address the need for information on sediment sources in rapidly developing urban areas, 
especially in tropical regions, this study reports the findings of an investigation into the land use 
specific origins of fine sediment recovered from the silting areas of the Lago Paranoá, Brasília DF, 
Brazil.  
6.2 Material and Methods 
6.2.1 Study area and background 
The Distrito Federal with the capital of Brazil, Brasília, is located between 47°-48° W and 15°-16° S in 
central Brazil at an altitude between 850 m and 1300 m a.s.l. (Oliveira and Marquis, 2002). It covers 
an area of 5,789 km² with a population of 2.5 million and a population density of 400 inhabitants per 
km² (IBGE, 2007). The region is part of the Planalto Central, which is characterized by extensive 
plateaus and a rolling landscape. Sediments stem mainly from lateritic crusts and saprolite of Meso- 
and Neoproterozoic schist, quartzite, and metamorphic silt stones of the Paranoà-Canastra-Group 
(Freitas-Silva and Campos, 1998). The regional climate is characterized by two well established 
seasons: a dry season (May-September) and a rainy season (October-April), with a mean annual 
precipitation (MAP) of 1,600-1,700 mm and a mean annual temperature (MAT) of 20-21° C (WMO, 
2010). The distinct seasonal variation in precipitation between the dry and rainy period is a natural 
limiting factor of water availability. An extended description of the region can be found in de De 
Carvalho et al. (2006) and Gonçalves et al. (2009). The Lago Paranoá catchment covers an area of 
1,046 km². In general, the hydrographic system is composed of four main rivers, which flow into the 
Lago Paranoá water reservoir (Fig.6.2). The Lago Paranoà water reservoir is an artificial lake in the 
centre of Brasília with an area of 40 km², which was formed by the construction of the Paranoà Dam 
for the purpose of electricity generation for Brasília, air humidification, and providing recreational 
opportunities (Rocha, 1994; Monteiro and Dias, 1980).  
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Fig.6.2: The Distrito Federal and the location of the Lago Paranoá catchment in Brasília (Menezes, 
2010); (SICAD – UTM coordinates). 
The water reservoir is currently not used for drinking water supply, however due to increasing 
demand for fresh water and the predicted impacts of climate change, it might be necessary to use its 
water in the future to maintain a certain level of water supply security. The catchment of Lago 
Paranoá is strongly influenced by human impact. Construction activities, land-surface sealing, and 
agricultural use all result in high rates of erosion, sediment production, and sediment loads. 
Therefore, the silting of water reservoirs has become a serious problem in Brasília. The water storage 
volume of the Lago Paranoá has decreased dramatically since the mid-1970s, down to a current area 
of approximately 38 km² (Fig.6.3). Therefore, it is likely that human impacts (e.g. deforestation of 
cerrado, expansion of agricultural land, construction sites) have accelerated sediment production in 
this area (Menezes, 2010). Silting reduces not only the storage capacity of water reservoir, but might 
also affect water quality through the input or remobilization of nutrients, heavy metals and 
metalloids, pesticides, and other anthropogenic contaminates.   
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Fig.6.3: Silting problem of the Lago Paranoá due to urban sprawl (Menezes, 2010). 
Thus, it is urgent to look for an adaptive strategy of sediment control in urban areas, including the 
identification and the relative quantification of sediment sources.  
 
6.2.2 Sampling and laboratory analyses 
The sediment fingerprinting procedure necessitated the collection of catchment source material 
samples and the recovery of fine sediment (grain size < 2 mm) in the silting area of the Lago Paranoá. 
Source material sampling focused on land use defined sources. Potential sediment sources were 
identified by observing the sediment mobilization and transport processes operating within the study 
catchment during storm events. Collection of 98 representative source material samples (ca. each 
600 g) in the catchment of the Lago Paranoá (950 km²) was conducted during the rainy season of 
2010 and 2011, and was stratified to encompass three main land use specific sediment sources, 
namely: urban, agricultural, and (semi-) natural areas. Replicate samples were collected at each 
individual sampling site for each source category in order to improve the representativeness of the 
corresponding fingerprint property dataset. The nearly homogenous geological composition of the 
bedrock and the small variation of top soil types across the catchment allowed the use of mean 
values as representative for the whole catchment. For the sub-catchment of the Riacho Fundo (224 
km²) (Fig.6.2) the three main sediment source categories were subdivided into seven different types. 
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This particular sub-catchment has a greater complexity regarding land use and represents the “hot 
spot” of sediment dynamics and silting within the whole Lago Paranoá catchment (Fig.3). Urban 
source types comprised road infrastructure, residential areas including construction sites, roadside 
ditches/ and gullies. Rural residential areas (“nucleo rural” – single farms) are defined as one extra 
group of urban influenced sources, because of their intermediary character. In agricultural areas, 
sediment sources include farm tracks, cultivated topsoil and pasture respectively. The samples 
collected to represent agricultural topsoil and damaged road verges comprised surface scrapes (0-5 
cm depth) of material susceptible to splash detachment and mobilization and redistribution by 
runoff. Damaged road verges were identified as those grassed road margins, where vehicle traffic 
and livestock movements were causing severe surface degradation. 
Samples retrieved from (semi-) natural areas (cerrado, campo) comprised surface scrapes (0-2 cm). 
Additionally, subsurface samples were taken from ditches and natural gullies along a transect of 
about 10-15 m, susceptible to mobilization of sediment by water erosion and its subsequent delivery 
towards the river channel system. The source material sampling program is summarized in Table 1. 
All samples were collected using a non-metallic trowel, which was repeatedly cleaned to avoid inter-
sample contamination and stored in sealable plastic bags. Each source material sample comprised a 
composite of smaller scrapes (10) collected in the vicinity of the individual sampling sites (within an 
area of 100-400 m² for the land use categories and within a radius of 15 m for point sources of the 
land use sub-types) in order to increase the representativeness of the individual samples and of the 
over-arching sampling strategy. Care was taken to sample areas located close to drains to ensure that 
the sediment was representative of sediment likely to enter the river channel system. Sub-sampling 
were organized on the basis of the discussions with the EMBRAPA Cerrados and the local land 
development institution to encompass all location which are serious affected by sediment 
mobilization and after interpretation of land use change maps (Menezes, 2010) to achieve a 
consistent distribution of sampling locations within the study area.  
In order to examine the relative contribution of urban, agricultural, and natural areas, and their 
specific subgroups of land use to sediment export from the study catchment over recent time, 
surface scrapes and profiles up to a depth of 30 cm of alluvial sediments were collected at each 
tributary, which reach the Lago Paranoá (Tab.6.1). The sites were selected as being regularly 
inundated during floods and therefore subjected to overbank deposition or directly located at active 
silting zones at the Lago Paranoá. Comparison of source material and alluvial sediments permitted 
examination of relative sediment origin during the rainy season. 
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Tab.6.1: Number of source material and alluvial sediment samples collected within the whole Lago 
Paranoá catchment and the Riacho Fundo sub-catchment. 
land use category Lago Paranoá land use sub-types Riacho Fundo 
    Catchment n   sub-catchment n 
urban 60 construction sites 5 
    highway 3 
    paved road 3 
    unpaved road 3 
    ditches 3 
    residential area 5 
    detached/semi-detached houses 4 
    high-density block development 4 
    rural residential area/ nucleo rural 3 
        
agricultural 22 farm track 3 
    crop land 4 
    pasture 3 
        
natural 16 campo/cerrado 4 
    gully 3 
alluvial 18   8 
 
All samples were dried at 40° C until a constant dried mass was reached, then sieved (2.0 mm), and 
ground using an agate mortar (with the exception of the texture analysis). The fraction < 2.0 mm was 
chosen to encompass all particles which are geochemically active and to adjust the local dynamic of 
sediment mobilization. Source sediments and deposited sediments are generally contain large 
amounts of the sand fraction (63 µm – 2mm) (Franz et al., 2013) and of Mn- and Fe –concretions, 
which are associated with other geochemical elements. Therefore, for this sub-tropical region the 
use of the fraction < 2mm, instead of the usually used 63 µm or 10 µm, is more adequate for the 
application of the fingerprinting method. Total concentration of Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, 
Ni, P, Pb, S, Sr, Ti, V, Zn were measured by atomic absorption spectrometry (Spectro Ciros CCD) after 
microwave digestion (DIN ISO 14869-1, 2003). Texture analysis was carried out according to 
Köhnpipettemethod after removal of the organic fraction and chemical (sodium pyrophosphate) and 
physical dispersion (ultrasonic treatment) (DIN 19683, 1973). Total C (i.e. Corg), and total N content 
were determined by using element analyzer “Heraeus Vario EL III” after oxidative digestion.  
6.2.3. Sediment source discrimination 
Firstly, all measured element concentrations were subjected to a violation test, as used by Collins et 
al. (2010). The test determines, if the values of all element concentrations measured in the alluvial 
sediment samples, fall within the theoretical range determined by the values obtained from the 
source sediments. The upper and lower boundary conditions of this polygon space are calculated 
according following equations (1; 2): 
Upper Boundary = Sis max + stdevis max (1) 
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In which Sis max is the maximal concentration of element (i) observed in a a source (s)), and stdevis 
max is the standard deviation of source (s) in which the maximal value for property Si was measured. 
Lower Boundary = Sis min + stdevis min (2) 
In which Sis min is the minimal concentration of element (i) observed in a a source (s)), and stdevis 
min is the standard deviation of source (s) in which the minimal value for property Si was measured. 
A two stage statistical selection procedure (see details in Collins et al. 1997) was employed to 
confirm the discrimination of potential sediment sources within the Lago Paranoá catchment. 
Sediment source ascription was done separately for the Riacho Fundo sub-catchment with 
consideration of seven different potential sediment sources. Stage one was based on the non-
parametric Kruskal-Wallis H-test to examine the ability of individual properties to distinguish urban, 
agricultural, and natural areas. Use of the Kruskal-Wallis H-test is founded on the logical assumption 
that the definition of robust composite fingerprints for each land use category requires confirmation 
of the power of individual constituents to discriminate the source samples under scrutiny. The 
Kruskal-Wallis H-test was applied to each individual parameter of the source material dataset for the 
Lago Paranoá catchment, in order to verify its ability to discriminate between the land use 
categories, by testing the null hypothesis that the source sediment samples are drawn from the same 
population. This involved testing if the differences between the values of each tracer parameter for 
urban, agricultural, and natural sediment sources are statistically significant. The test is based on the 
following equation: 
(3) 
where Rs is the sum of the ranks in source s; nl is the number of the samples from source s; N is the 
sum of all nl; and n is the number of sources. 
The H-values were compared with chi-square values (H critical), based on the relation of the H-value 
to the sampling distribution of chi-square with k-1 degree freedom. If H calculated > H critical the null 
hypothesis can be rejected and the sediment property is classified as being capable of discriminating 
between the sediment sources. Consequently, the Kruskal-Wallis H-test output indicates source 
inter-category contrasts, rather than affirming differences between all possible combinations of 
source categories (Fowler and Cohen, 1990). The test has a power of approximately 95.5 %, making it 
suitable for use in association with the relatively small source material sets collected for the study 
catchment (Hammond and McCullagh, 1978). A non-parametric test was used because the main 
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conditions for adopting parametric equivalents, to ensure that the data are normally distributed and 
have equal variances (e.g. Collins et al., 1998). Failure to differentiate source type on this simple basis 
was used as a criterion to exclude parameters from stage two. The Kruskal-Wallis H-test was applied 
using the SPSS software package (IBM). 
In the second stage, a stepwise multivariate Discriminant Function Analysis (DFA) was undertaken, in 
order to select the optimum combination or composite fingerprint from the properties passing stage 
one, which are used for classifying the source sediment samples collected within the Lago Paranoá 
catchment into the correct categories.  
This analysis aims to maximize the discrimination between the sources, while minimizing the size of 
the optimum sub-set of sediment properties. The DFA was, again, undertaken using SPSS. The 
stepwise selection algorithm is based on the minimization of Wilks´ lamda: 
 
(4) 
Where SSerror is the matrix of the sum of squares and cross-products of the residuals component 
and SStreat is the matrix of the sum of squares and cross-products of the treatment component. At 
each step, the sediment property is selected which reduced the overall Wilks´ lambda the most. The 
stepwise selection procedure ceases when all samples have been classified correctly or when none of 
the remaining properties available for inclusion at a given step possess the power to improve source 
discrimination. A lambda of 1 occurs if all source type means are equal, while values close to zero 
occur when within-category variability is smaller than inter-category variability. Therefore, composite 
fingerprints capable for comprehensive discrimination of different sediment source samples are 
associated with lower lambda values. Additionally, for this stage the sediment source categories 
were subdivided into further sub-types, separating urban sediments from residential areas, roads 
and domestic gullies, and agricultural sediments from crop land and farm tracks, and natural sources 
within the Lago Paranoá catchment. 
6.2.4. Sediment source apportionment 
After finding a composite fingerprint with sufficient discriminating power, it is consequently used to 
compare the geochemical signature of potential sediment sources samples, subjected to different 
land uses and to calculate the relative contribution of these individual sources to the alluvial 
sediment deposition at the outlets of the Lago Paranoá.  
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To obtain a quantitative sediment source attribution, a hybrid of the multivariate sediment mixing 
model described by Collins et al. (1997a) and Collins et al. (2010) was used. This model consists of a 
set of optimization algorithms that is constrained by boundary conditions. These constraints are 
based on the assumption that the fingerprint property concentrations in any given outlet sample are 
dependent upon the concentration of these properties in the various source samples and the 
contribution of the source material to the deposited sediment. 
The model assumes that the deposited sediment retains the geochemical characteristics of its 
source, and that the deposited alluvial sediment comprises material only from the identified sources. 
The result is conditioned by following two restrictions:  
; 
10 ≤≤ sP  (5) 
in which Ps is the optimized percentage contribution from source classification(s). 
The sediment mixing model is comprised of as many linear equations as there are sediment 
properties selected in the composite fingerprint. These linear equations relate the concentration of 
each property (i) in the deposited outlet sample to the mixture representing the sum of the 
contributions from different sources. The set of linear equations belonging to each composite 
fingerprint is generally over-determined. Therefore optimized estimates of the relative contribution 
of the individual source types to each alluvial sediment sample recovered from the outlets of the 
Lago Paranoá were provided by minimizing the sum of squares of the weighted relative errors using 
the following equation: 
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Where Wi = discriminatory weighting correction factor, Ci= concentration of the fingerprint property 
(i) in the deposited alluvial sediment sample, Ssi= concentration of fingerprint property (i) for source 
types (s), Zs= particle size correction factor for source types (s), n= number of sediment source types, 
m= number of fingerprint properties comprising the optimum composite fingerprint. 
During the application of the model, the mean concentration of each sediment property pertaining 
to each land use specific sediment source was utilized.  
1
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As can be seen from the objective function (equation 6), two correction factors were included. The 
discriminatory weighting correction factor (Wi) was introduced (by Collins et al. 2010) to give more 
weight to the sediment properties with more predictive power, allowing for a more reliable result. 
The Wi -factor is determined by dividing the individual power of each property to distinguish 
between the source types by the property in the composite fingerprint which have the lowest 
discriminatory power. On this basis, the discriminatory power of the tracer property providing the 
lowest discrimination (%) of the sediment samples respectively is defined a weighting of 1.0, and the 
corresponding weightings for the remaining properties are calculated by using the ratio of their 
discriminatory efficiency to that of the weakest property in any specific composite signature.  
The particle size correction factor (Zs) were incorporated into the optimized mixing model algorithm, 
according to Collins et al. (1997a), due to the well-established relationship between particle size and 
element concentration in sediments (He and Owens, 1995). However, a correction factor for organic 
carbon content was not included in the model function, because of the very low (< 0.8 %) and almost 
homogenous Corg content throughout all sediment samples. Furthermore, it is important to note 
that entering a correction factor in the objective function may result in an over-correction of 
property concentrations of coarser material, when it is used in combination with particle size 
correction (Collins et al., 1997a; Walling et al., 1999).  
The uncertainty associated with the characterisation of individual sources, the minimisation of the 
objective function has been calculated using 1000 Monte Carlo simulated property concentrations 
with XLSTAT for Excel 2010 (Windows) (Collins and Walling, 2007). The mean property concentration 
values and standard deviations were calculated for each property in the composite fingerprint, using 
all samples collected to represent each individual source. These parameters were used to compute a 
set of cumulative Normal distributions. Subsequently, 1000 property composition means were 
generated from these normal distributions and entered one by one into the mixing model. Finally, 
the standard error of the mean for the repeat iterations has been used to generate 95% confidence 
limits for the mean relative contributions from the land use specific sediment sources.  
The goodness-of-fit, representing the mean relative error between the measured properties of the 
sediment end-members and those predicted on the basis of the computed source contributions, was 
calculated to confirm that the mixing model generated meaningful sediment mixtures (Walling and 
Collins, 2000). 
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6.3. Results and discussion 
6.3.1 Sediment source discrimination 
Before the statistical analysis, a mass conservative test (violation test used by Collins, 1997a) was 
undertaken. Average concentrations for alluvial sediment for all 18 properties fell within the range 
for the source materials (Tab.2). No tracer property had to be removed from the data set, because of 
the fact that the property in question came close to or fell under the analytical detection limit, or 
because of the fact that the variability within a source category is too big.  
Tab.6.2: Comparisons between the concentration of tracer properties in source materials (corrected 
for particle size differences) and alluvial sediments from the silting zones of the Lagos Paranoá. 
property Source category         alluvial sediment mixing polygon 
  
       
      
  urban 
 
agricultural 
 
(semi)-natural Lago Paranoá     
[mg/kg] mean Stdev mean Stdev mean Stdev mean Stdev 
upper 
boundary 
lower  
boundary 
Al 76423.45 21348.34 157472.85 23337.40 27835.35 8439.43 38730.57 4344.52 216160.60 16634.66 
Ba 145.14 69.13 47.00 17.02 70.00 27.32 99.07 45.32 227.87 6.98 
Ca 36693.82 2120.25 759.80 98.56 467.65 12.65 2283.16 598.67 54003.75 372.35 
Cr 86.98 11.66 157.08 12.71 68.14 8.40 81.79 17.65 153.29 11.60 
Cu 24.96 2.21 35.93 5.05 18.15 2.52 26.34 6.14 37.95 11.79 
Fe 58930.39 10324.00 93283.00 2432.40 32629.74 8345.00 46423.57 3458.09 63092.00 19396.91 
K 7280.93 1061.55 2347.79 526.34 2702.14 214.15 4414.34 830.45 8143.45 1273.85 
Mg 2326.32 427.67 398.69 116.39 438.23 58.60 1420.34 206.66 2618.33 221.40 
Mn 132.31 36.57 74.98 13.68 30.54 11.68 68.57 15.63 218.43 5.32 
Na 555.58 56.27 168.21 18.06 88.93 4.40 419.76 32.62 667.73 80.60 
Ni 9.53 3.25 12.32 1.68 4.63 1.07 6.76 0.99 13.32 1.93 
P 275.40 98.04 730.30 177.44 195.56 86.46 211.88 35.50 1227.56 73.50 
Pb 10.74 3.51 3.42 1.84 1.87 1.37 8.12 2.14 22.49 0.30 
S 234.05 54.53 179.49 31.16 120.53 11.32 130.33 12.82 401.47 96.18 
Sr 47.56 16.33 10.82 5.56 4.17 1.17 18.34 6.61 115.67 1.83 
Ti 5613.50 969.91 7683.81 1217.80 6261.45 1741.65 5477.78 365.57 7464.09 1374.09 
V 141.41 70.97 287.85 14.42 155.43 27.65 162.23 17.24 192.03 13.58 
Zn 34.06 6.27 42.35 2.13 18.00 3.55 37.34 2.36 52.73 10.45 
 
The two-stage statistical verification procedure proposed by Collins et al. (1997a) was used to 
identify composite fingerprints capable of discriminating the sediment samples collected to 
represent urban, agricultural, and natural source types within the Lago Paranoá catchment. In stage 
one, the Kruskal-Wallis H-test was employed to confirm the power of individual element 
concentrations to distinguish the source type in an unequivocal manner. All eighteen properties 
entered into the Kruskal-Wallis H-test passed the test, by generating test statistics higher than the 
critical value at 95 % confidence. Table 6.3 summarizes the source material fingerprint property data 
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set and the corresponding Kruskal-Wallis statistics. Generated test statistics ranging from 11.06 to 
31.46 with a critical p-value of approximately 0.05. 
Tab.6.3: The results of the Kruskal-Wallis H-test for the source sediment samples within the Lago 
Paranoá catchment. 
potential fingerprint property H-value p-value 
Ca   30.25 0.000 
K    16.5 0.006 
Mg 24.57 0.000 
Na  31.40 0.000 
S     21.54 0.001 
Ba     13.28 0.021 
Cr    18.47 0.002 
Ni     20.41 0.001 
Pb     24.81 0.000 
Sr    31.46 0.000 
Ti   19.04 0.002 
V  11.06 0.050 
P     18.89 0.002 
Cu     22.31 0.000 
Zn 26.68 0.000 
Mn    27.60 0.000 
Al 19.42 0.002 
Fe 17.40 0.004 
critical H-value = 5.991; critical p-value= 0.05. 
  
The 18 elements which passed the Kruskal-Wallis H-test were consequently put into a stepwise 
Discriminant Function Analysis (DFA), which in turn selected 11 elements (Ca, Sr, Zn, Al, Cu, P, Cr, Na, 
Fe, K, S) to create a composite fingerprint with a predictive power of 97.2 %.  
Figure 6.4 visualizes the discriminative power of this fingerprint, and shows that urban, agricultural, 
and semi-natural sediment source types are clearly plotted separately. 
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Fig.6.4: Discriminative power of the composite fingerprint to distinguish between the sediment 
source categories urban, agricultural and natural.  
Ideally however, a composite fingerprint for discriminating 3 different source categories or 7 
sediment source types (including land use subtypes within the three main source categories) should 
consist of only 4 or 8 properties (one more than there are sources) to fulfil the mathematical demand 
of the model. Therefore, all properties were entered into a DFA individually to see if some properties 
could eliminated from the fingerprint without decreasing its predictive power. Elements Cu, Al, Cr, 
Fe, Na, P and Zn have a good classification power for discriminating between the main source 
categories of urban, agricultural, and semi-natural. Sr, Ca, S, and K can help to discriminate between 
the 7 subtypes of land use (4 urban, 2 agricultural, 1 semi-natural) within the Riacho Fundo sub-
catchment. Consequently, out of these elements all combinations of four and eight elements were 
tested with a DFA. All composite fingerprints discriminated between 88.4 % and 100 %, and their 
Wilks´lambda reached 0.000 when all four or eight DFA functions were included. The results of 
employing stepwise discriminant function analysis to identify which combination of tracers provides 
the best composite for discriminating source materials on the basis of land use, collected within the 
Riacho Fundo sub-catchment are presented in Table 4. In this case, the optimum composite 
fingerprint consists of a total of eight individual properties (Na, Zn, P, Sr, Fe, Cr, Al, Cu) and correctly 
distinguishes 94.4 % of the samples used to characterize each of the seven source types. The 
selection of an additional fingerprint property (Ca) for the Riacho Fundo sub-catchment can improve 
the discrimination up to 97.2 % (classified correctly). Within the whole Lago Paranoá catchment the 
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the optimum composite fingerprint, comprising Na, Cr, Mg and Pb, was able to distinguish correctly 
92% of the source categories, associated with urban, agricultural and semi-natural land use (Tab.5.4).  
Tab.6.4: The optimum composite fingerprint for discriminating individual source types within the 
whole Lagos Paranoá catchment and within the Riacho Fundo sub-catchment. 
Lagos Paranoá catchment 
Step fingerprint property Wilk´s lambda cumulative % source type samples classified correctly 
1 Na 0.7747 55.60 
2 Cr 0.3054 85.56 
3 Mg 0.2410 88.32 
4 Pb 0.0013 91.71 
Riacho Fundo sub-catchment 
1 Na 0.7742 55.61 
2 Zn 0.5536 62.30 
3 P 0.4167 68.50 
4 Sr 0.3431 76.77 
5 Fe 0.2282 88.90 
6 Cr 0.0555 91.56 
7 Al 0.0013 92.33 
8 Cu 0.0001 94.40 
 
The composite fingerprints include different types of constituents, thus confirming the findings of 
Collins and Walling (2002) that the inclusion of fingerprint properties with different origins and 
contrasting controls provides improved source discrimination. 
6.3.2 Sediment source apportionment 
The multivariate sediment mixing model proposed by Collins et al. (1997a, 2010) was applied to the 
local source grouping including urban, agricultural, and natural sources within the whole Lago 
Paranoá catchment; and additional to seven land use specific sub-types of sources within the Riacho 
Fundo sub-catchment. According to Walling and Collins (2000) a relative error of less than 15% 
indicates that the mixing model algorithm is able to provide an acceptable prediction of the 
fingerprint property concentrations associated with the deposited sediment samples at the silting 
zones of the Lago Paranoá. The calculated mean relative contribution of each source type to the 
sediment deposition in the silting areas of the Lago Paranoá indicated that the primary sources are 
urban areas (Tab.5). Overall the average contribution from urban areas was around 85±4 % within 
the whole catchment. The mean contribution from urban areas within the catchment does not 
reflect the general characteristic of heavily urbanized areas with a high proportion of land sealing, 
where sediment supply might be limited. Significant rates of sediment mobilization from residential 
areas with construction activities are likely to reflect the sensitivity of the local tropical soils to runoff 
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and water erosion they are left exposed. In addition, roadside ditches without any sealing are 
important sources. In general, sealed surfaces such as paved roads or parking lots act as routes of 
sediment transportation within the urban area of Brasília. Contributions from agricultural areas are 
smallest. Only 5±4 % of the deposited sediments originated from agricultural sources, such as 
pasture and cultivated top soils or farm tracks, reflecting the relatively small percentage of 8 % 
agricultural land use within the whole Lago Paranoá catchment. However, the ratio between source 
contribution and absolute area of agricultural land use demonstrates that surface erosion from 
cultivated topsoils and farm tracks is a serious problem in respect to soil degradation and baring by 
water of farm tracks and at locations with sloping ground in the Distrito Federal, even if agricultural 
lands have an ancillary importance within the catchment compared to the expanding urban land use. 
The mean contribution from natural areas is only about 10±2 %, even if more than 50 % of the 
catchment area has (semi-) natural vegetation cover. These results indicate that surface erosion of 
cerrado or campo soils (natural areas) is restricted by the litter layer and undergrowth, which 
reduces erosion even along more excavated natural gullies. The land use specific contribution to the 
sediment accumulation in the silting areas of the Lago Paranoá water reservoir promote the 
hypothesis that erosion during the rainy season is strongest at sites where ground or soil is exposed 
bare and sediment transport can occur with fewer barriers, such as grass strips or local sediment 
detention barriers around construction sites in urban areas. Even in agricultural areas, the much 
larger sediment contribution from cultivated land and farm tracks than from pasture supports the 
hypothesis that the most effective strategy against sediment generation is permanent and dense 
vegetation cover. 
The Riacho Fundo sub-catchment exhibits the most significant human impacts, the highest land use 
variability, and the most extended silting zone of all sub-catchments. This was further confirmed 
through analysis of land use maps (Menezes, 2010) and several field observations.  
As expected, on the basis of the composite fingerprint, including four sediment properties, the 
multivariate mixing model provided different values of the mean contribution of the three source 
categories of urban, agricultural, and natural, than for the whole catchment (Tab.6.5). Around one 
third (31±2 %) of the relative sediment contribution came from agricultural sources, while 53±4 % 
came from urban sources. The higher contribution from agricultural sources is a result of the higher 
proportion of agricultural areas within the sub-catchment compared to the other sub-catchments of 
Lago Paranoá. Considering the area of agricultural land use and mean sediment contribution support 
the hypothesis, that agricultural areas are most sensitive to sediment mobilization. Natural sources, 
including gullies, have a sediment contribution of about 16±3 %, even if the total natural area covers 
only 12 % within the sub-catchment. This particularly relative high mean contribution within the 
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Riacho Fundo sub-catchment, compared to the mean value within the whole catchment, is caused by 
the high proportion of gullies without vegetation cover of the small and scattered natural areas 
throughout the sub-catchment.   
Tab.6.5: Final results of the sediment source contribution for the whole Lago Paranoá catchment and 
Riacho Fundo sub-catchment. 
Lago Paranoá catchment 
source category  weighted mean relative sediment contribution* area of land use 
  [%] [%] 
urban areas  85±4 34 
agricultural areas  5±4 8 
natural areas 10±2 58 
* 13.9 % RME - relative mean error 
   
Riacho Fundo sub-catchment 
urban areas  53±4 38 
agricultural areas  31±2 47 
natural areas  16±3 12 
* 12.3 % RME - relative mean error 
 
source category  source sub-types 
weighted mean relative 
sediment contribution* area of land use  
    [%] [%] 
urban construction sites  20±3 
38 
  paved roads/highways  4±1 
  unpaved road/roadside ditches  12±3 
  residential area  42±3 
        
agricultural farm track /rural residential area 7±2 
47   crop land  10±3 
        
natural  campo/cerrado/natural gullys  5±2 12 
* 8.75 % RME - relative mean error 
   
The model results using the composite fingerprint (Tab.6.4), consisting of eight sediment properties 
to distinguish seven source sub-types, show a more detailed contribution pattern of each source sub-
type (Tab.6.5).  
In total, approximately 68±4 % of the entire relative sediment contribution is from urban sources, 
which made up 38 % of the area within the Riacho Fundo sub-catchment. The main sediment sources 
are residential areas with construction sites and unpaved roads. Moreover, 50 % of the deposited 
sediment originated from these source types. In contrast, urban areas with high density block-
development, paved roads, and without construction activities are less sensitive to sediment 
mobilization, as expressed by their low relative source contribution (only 4±1 % of sediments are 
originate from these urban areas). Therefore, it is important to recognize that an increase of 
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residential areas around Brasília city, which are characterized by semi-detached housings, unpaved 
roads, open ditches, and unorganized construction activity pose a serious problem for sediment 
mobilization and erosion damages. Although agriculture has a secondary role for the whole Lago 
Paranoá catchment, within the Riacho Fundo sub-catchment agricultural land use occupies more 
than 30 % of the area. The mean contribution from agricultural areas made up 17±2 % of the relative 
sediment yield, where crop land is the primary sediment source. Mobilized sediment typically leaves 
cultivated top soils via farm tracks and is subsequently routed to the Riacho Fundo river channel. 
However, the importance of agricultural areas as a source of sediment is also reflected by the ratio of 
the spatial extent and their mean contribution. But the comparison of agricultural and urban sources 
demonstrates that urban activities have a much greater impact on sediment mobilization than 
agricultural activities within the Riacho Fundo sub-catchment. Furthermore, the relative contribution 
from semi-natural areas to the deposited sediment was generally low. Still, 5±2 % of the relative 
sediment yield originates from semi-natural area, where natural gullies and areas without vegetation 
after fire during the dry season are the preliminary sediment sources. 
As a consequence of the use of the two different composite fingerprints, the model provides 
different values for the source category apportionment within the Riacho Fundo sub-catchment (see 
Tab.6.5). The difference in the relative contribution from the source categories (urban, agricultural, 
natural) is due to the response of the discriminating power and weighting factors of P, Cu, and Zn to 
distinguish agricultural sources, and of Sr to discriminate urban sources from each other and their 
source sub-types. However, the model applied to the source sub-types within the Riacho Fundo sub-
catchment were found to be most successful at predicting the relative contributions of the seven 
source sub-types as a representative result, since the Mincell value (Monte Carlo routine) was lowest 
in this case. Even though models can have similarly good (low) Mincell values, their prediction results 
can still differ significantly (Vanlierde et al., 2006). Table 6.6 summarizes the overall mean goodness-
of-fit, representing the average of the relative errors estimated for each sediment sample set 
collected within the whole Lago Paranoá catchment and from the Riacho Fundo sub-catchment. 
Tab.6.6: Overall average goodness-of-fit associated with the optimized mixing model solutions. 
Model application REM % 
Lago Paranoá catchment 0.864 
Riacho Fundo sub-catchment 0.960 
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6.4. Conclusion 
This study of the Lago Paranoá catchment and the Riacho Fundo sub-catchment utilized a sediment 
source tracing technique, incorporating both statistically verified multi-component signatures and a 
multivariate mixing model, which provided valuable information on the response of the main 
sediment sources in a fast growing agglomeration with respect to specific land uses and human 
activities. The model results demonstrated that urban areas are the main sediment source within the 
mixed used catchment. However, distinct variations in the contribution of urban source types with 
regard to specific anthropogenic activities and land use situations have been documented for the 
Riacho Fundo sub-catchment. Thus, while sediment mobilization in organized constructed urban 
areas with high density development and paved roads is limited, the sediment delivery from still 
expanding urban areas with extensive construction activities, semi-detached housings, and unpaved 
roads is very high. Bare soils and exposed ground are the “hot spots” of sediment mobilization. 
Therefore, construction sites and semi-detached residential areas around Brasília city are the major 
sources (74±3% of the relative sediment contribution) for the deposited sediment in the silting zones 
of the Lago Paranoá. Overall the sediment contribution from agricultural areas is low, due to the 
predominantly urban land uses within the catchment. But the results appear to be the consequence 
of the different land use characteristics of the sub-catchments within the whole Lago Paranoá. 
However, the analysis of the Riacho Fundo sub-catchment has shown that cultivated areas are 
important sources of sediment in this semi-arid region. The proportion of the total area with 
agricultural land use and the relative sediment contribution emphasized that topsoils of crop land 
and farm tracks are strongly connected to erosion and sediment generation. In addition, the model 
results confirmed the hypothesis that natural areas are less vulnerable for sediment mobilization. 
Exceptions to this are natural gullies and areas without vegetation after fire during the dry season. 
Thus, a dense vegetation cover might be one of the most effective strategies to reduce sediment 
mobilization. As indicated above, the results confirm that the degree of vegetation density, surface 
sealing, and especially construction activities in urban areas are the most important parameters 
which influence sediment mobilization and silting of the Lago Paranoá water reservoir. 
One of the strengths of this study is the use of two independent procedures to identify tracers, which 
could evaluate sediment-source contribution to the deposited sediment at the silting area of the 
Lago Paranoá water reservoir. The sources of sediment quantified in this study were informative for 
the time period during which the analysis was conducted (one rainy season). However, the 
agglomeration of Brasília is a fast growing area with a rapid urbanization. If land use changes over the 
time, the results of sediment-fingerprinting analysis will also change. Construction sites and road 
infrastructure developments are temporary located and scattered throughout the catchment. 
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Therefore, the proportion of sediment derived from these source types are depended on the timing 
of sampling. This highlights the problems associated with the use of spot samples of source materials 
to establish the relative importance of a potential sediment source.  
Despite their limitations, the results presented above serve to demonstrate the potential of the 
fingerprinting approach in establishing the relative contributions of a number of sediment sources to 
the sedimentation area of a water reservoir, even complicated by the presence of varies types of 
urbanized areas. Traditional approaches to investigating source contributions (e.g. erosion plots and 
sediment load measurements) would not permit an investigation of the contribution from temporal 
construction sites or road infrastructure network. This study aimed to provide information of 
principal sediment sources in a fast urbanizing catchment and the influence of different 
anthropogenic activities on sediment mobilization, and thus to provide a better scientific basis for 
assisting targeted management solutions.   
However, the quantitative contribution of the sediment sources to the sediment deposition of the 
Lago Paranoá catchment have not been completely analyzed with regard to all possible sediment 
sources in urban areas and require further research. There is a need for further studies to examine 
the changes in the sediment contribution over the time and to assess the impact of improved urban 
land management on catchment sediment yield.  
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7 Summarizing discussion and conclusion 
This dissertation presents three case studies about sediment characterization, geochemistry and 
sediment dynamic for an urban meso-scale catchment in the Distrito Federal, Central Brazil. Each of 
the studies have specific focus,thus can be integrated into the sediment cascade within urbanized 
catchments (Fig.1.2). Therefore, central finding and limitation of the case studies and their 
implication for future research are discussed in an integrative manner with reference to each 
sediment issue. 
7.1 Sediment properties and geochemistry 
One of the main objectives of the thesis was to utilize geochemical and statistical analyses for 
assessing the impact of different land uses on sediment geochemistry within the Lago Paranoá 
catchment. Geochemical and geophysical properties of the sediments, such as texture, pH-value, 
organic carbon content and carbonate content, were analyzed to obtain natural variability and 
anthropogenic modification. However, for sediment geochemistry, information about sediment 
properties appeared to be essential to obtain reliable results of anthropogenic impacts on sediment 
geochemistry (Marques et al., 2003; Walling et al., 2005; Impellitteri et al., 2003). 
The result showed that sediments from areas with different land use are characterized by specific 
geochemical and geophysical properties. For example, the differences in grain size distribution of 
sediments from urban, agricultural and semi-natural areas reflect the natural variability of soils and 
topographic localizations of the catchment. In general, agricultural areas are characterized by 
significant higher contents of clay, which is almost twice as much compared to urban and semi-
natural sites. Clay and silt rich soils are likely to contain higher amounts of metals, which are 
preferential adsorbed by the fine fraction. Therefore, the textural composition of the sediments is 
one of the most sensitive parameter for the analyses and evaluation of the anthropogenic influence 
on sediment geochemistry. As a consequence, the calculation of particle size correction factors for 
each of the sediment source localization was essential to obtain reliable results of metal enrichments 
due to human impact (Aloupi and Angelidis, 2001). However, for the land use types “construction 
sites” and “natural gullies” the grain size distribution was strongly influenced by the geometry and 
depth of the gully or excavation. This variability was addressed by integrating the Feo/Fed and 
Fed/Fet ratios in the sediment property dataset. The degree of crystallization of iron oxides and 
hydroxides, applied as weathering index (Wagner et al., 2007), appeared to be a strong indicator for 
the respective sediment source discrimination.  
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A further meaningful indicator of anthropogenic influence on sediment geochemistry is the CaCO3 
content. In reference to the geological background of non-calcareous rocks (Campos and Freitas, 
1998), CaCO3 contents greater than 1.5±0.5 % are not derived from the bedrock, rather they are 
indicative for human impact. Sediments from urban areas were characterized by significant higher 
contents of CaCO3 (10.8 – 26.1 %) and could be clearly discriminate agricultural areas (4.4 – 8.0 %).  
The analyses of the total concentration of 18 chemical elements supported the hypothesis that 
different land uses are characterized by a specific geochemistry. The absolute values of the element 
concentrations and sediment properties of each land use category could be used to investigate more 
meaningful statistical items of a complex land use system by using principal component analysis. The 
results (presented and discussed in chapter 4) showed that specific element patterns are associated 
with different land uses (urban, agricultural, semi-natural). The correlation matrix of the chemical 
elements allowed to obtain statistical significant distributions of chemical elements for the three 
different land use categories within the whole catchment. For the Riacho Fundo sub-catchment a 
subdivision of urban sources has been made using single element patterns and element 
combinations. In the final step geochemical fingerprints of anthropogenic activities were developed 
based on the results of the cluster analysis grouping. At the time of conducting the studies, measured 
information of on sediment properties and geochemistry of potential source sediments were not 
available. Therefore, this work provides an excellent opportunity to examine the effect of different 
land uses on the geochemical signature of source sediments in the region for the first time. 
The anthropogenic input of land use specific geochemical elements was examined and quantified by 
the calculation of enrichment factors using the local geological background as reference. In general, 
enrichment factors provide only a trend for accumulations of specific elements in the sediment. By 
considering natural variability of soil types, weathering degrees and grain size distributions to obtain 
a land use based element enrichment; a more representative approach could be introduced given 
the fact that metal enrichments are usually driven by local geological conditions.  
The results of the principal component analysis, hierarchical cluster analyses and the enrichment 
factor calculation give strong evidence that urban land use causes metal accumulation in sediments. 
Particularly, the elements Ca, Na, Mg, K, Pb and Sr are significantly enriched in urban sediments are 
obviously a result of anthropogenic activities. Although the land use categorization used in the case 
studies was developed for the Lago Paranoá catchment and was based on a comprehensive sampling 
of a wide range of psychonomic different land use conditions to represent the main land use types, 
uncertainties still remain regarding the assignability and accuracy of geochemical signatures of urban 
sediment sources. Recently, Höfer (2013) provided a detailed description of urban structure types 
based on remote sensing within the Lago Paranoá catchment. Data, such as this and the 
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establishment of a sediment monitoring network with high temporal and spatial resolution might 
substantially help to define more reliable initial values and ranges of element enrichments due to 
specific urban land uses, and thus to reduce this source of uncertainty in future geochemical 
sediment appointments.  
A further important issue of sediment generation, which was explicitly tackled in this thesis (see 
chapter 6), refers to the quantification of the contribution of different sediment sources to sediment 
accumulations in the alluvial areas and silting zones of the Lago Paranoá.  
Alluvial sediments represent a mixture of sediments from different sources and are usually sorted 
according to grain size due to the transportation and deposition process. The influence of both 
parameters on the geochemical signature is a key challenge in sediment source appointment. 
Therefore, in the first step the simple arithmetic mean across the ensemble of alluvial sediment data 
of each tributary/silting area (ensemble mean) were compared with the geochemical signature of 
potential sediment sources within the respective sub-catchment. By integrating the enrichment 
factor calculations, including particle size correction factors, for the comparison of the geochemistry 
of alluvial and source sediments, the relative influence of land use specific sediment sources to the 
sediment deposition of the main water reservoir could be estimated. In the second step, regression 
analyses were used to obtain the relationship between anthropogenic introduced metal enrichments 
in alluvial sediments and area of urban land use within each sub-catchment. The existing findings 
suggest a strong relationship (R²= 0.9) between land use and quantifiable features of sediment 
geochemistry. Nevertheless, even through particle size correction and ensemble combination which 
improved the relative predictions of source contribution, it was not possible to achieve satisfactory 
absolute values of source estimates by using only statistical analyses. The problems encountered 
during sediment source discrimination and sediment source appointment showed that for improved 
and reliable quantification of sediment source contribution the use of a sediment mixing model is 
required. As a consequence, in the second step a multi-variate mixing model algorithm was used and 
adjusted to urban catchment conditions (Collins 1997a, 2010)(discussed in section 7.3).   
However, for sediment geochemistry the high loadings of anthropogenic introduced chemical 
elements in alluvial sediments, particularly at the Riacho Fundo, indicate that urban land use had the 
greatest responsibility for recent silting in the Lago Paranoá. One of the major sources of 
anthropogenic metals and sediments are residential area such as “Aguas Claras”, with paved roads 
and intensive construction activity. Therefore, further urban expansion might dramatically increase 
sediment associated pollution loads and sediment dynamic, which in turn will affect surface water 
resources of the Lago Paranoá in the near future.  
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Recently, Franz et al. (2012) provided a study on sedimentation rates of alluvial sediments based 
on 210Pb-, 137Cs- and 14C dating within the Lago Paranoá catchment. Data such as this could 
substantially support that sediment mobilization and deposition has considerable increased due to 
urbanization in the last sixty years. 
In absence of sufficient measured sediment monitoring data for sediment sources and sediment 
yields to the alluvial and silting areas of the Lago Paranoá, temporal variability of urban influence on 
sediment geochemistry and sediment generation could not have been provided in this study.  
7.2 Relationship between urban land use and metal concentrations in surface water samples 
Metal enrichments in source and alluvial sediments indicated, that urban land use has affected both 
sediment associated pollution loads (Franz et al., 2013a) and sediment source dynamic (Franz et al., 
2012). Consequently, a further important issue of an integrated water resource management was to 
obtain the effects of urban land use on metal concentrations in surface water at the main discharges 
to the Lago Paranoá. In general the measured element concentration are within the quality standard 
values of the CONAMA n° 20 (Brasil - Conselho Nacional do Meio Ambiente, 1986, 2005) for drinking 
water supply. There is no evidence for metal pollution of surface water within the Lago Paranoá 
catchment. But the analyses showed also that terrestrial inputs of metals occur during the rainy 
season and might depend largely on the influence of urban land use (see chapter 5).  
However, the distinct differences in the metal concentrations in water samples between the 
discharge of the four main rivers (particularly of the Riacho Fundo) and the Central Paranoá (E) might 
be also a result of different inflow morphologies. The relationship between the water volume that 
contributes to the lake and the size of the branches has an important influence on terrestrial metal 
inputs. For example the Riacho Fundo branch has the smallest resistance to the entrance of water 
and the highest discharge from the main tributary into the lake, and therefore, the highest terrestrial 
input of metals in the water. In contrast, the Central Paranoá is characterized by discharges due to 
several small tributaries (inflows). Consequently, the terrestrial inputs (anthropogenic and natural) 
might be less important in this part of the lake, resulting in lower terrestrial metal concentrations (Al, 
Fe and Mn) in the water. Beside these parameters, the differences in metal concentrations in the 
water samples between the five discharges into the lake might be also be influenced from point 
sources (e.g. wastewater treatment plants, leakages of boot fuel) (Gioia et al., 2006). This is 
especially important for future watershed management that is supposed to maintain high raw water 
quality within the Lago Paranoá catchment.  
Additionally, the analyses of the effluent water samples from the wastewater treatment plants (ETE 
Norte, ETE Sul) show that mean metal concentrations are temporary higher in the effluents than in 
the water samples of the influents discharging into the different branches (Abbt-Braun et al., 2012; 
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Börnick et al., 2013). This implicates that in case of future intensive urban expansion the 
improvement of the wastewater treatment technology will also be needed.  
 
7.3 Sediment source identification 
The development of effective sediment management strategies is a key requirement in tropical areas 
with fast urban development, like Brasília DF, Brazil, because of the limited resources available. 
Accurate identification and management of sediment sources areas, however, is hampered by the 
dearth of reliable information on the primary sources of sediment. In general, data availability in the 
DF about sediment sources can be evaluated as insufficient. Even there are several studies on soil 
erosion, lake sediments and silting dynamic of the Lago Paranoá (Boaventura De Carvalho et al., 
2006; Gioia et al., 2006) information on sediment sources or sediment source monitoring data were 
not available within the Lago Paranoá catchment. As the results of the geochemical signatures of 
potential source sediment showed that there exist significant differences between areas with 
different land use, sediment source appointment using a sediment fingerprinting technique (Walling 
and Collins, 2000) and a multivariate mixing model (Collins 1997a, 2010), which will discussed in the 
next section, attempt to be a valuable method of sediment source identification beside extensive 
sediment monitoring and field observations.  
7.3.1 Sediment source discrimination 
Sediment fingerprinting is based on two principal assumptions: (1) that catchment sediment sources 
are distinguishable from each other on the basis of their geochemical and geophysical properties; 
and (2) that comparison of deposited sediment and source samples using these properties enable the 
relative importance of the different potential sources to be determined. However sediment 
fingerprinting was usually applied in rural settings (Collins et al., 1997, 1998, 2007, 2010, 2013; 
Passmore and Macklin, 1994; Peart and Walling, 1986; Owens et al., 1999; Walling et al., 1999) Only 
few studies have attempted to quantify the source of sediment within fast urbanizing, mixed used, 
tropical catchment so far (Poletto et al, 2009).  
In this thesis, the process of adjusting fingerprinting property values to fit model outputs (source 
contribution) to both tropical and heterogeneous urban conditions was the key challenge in 
sediment source appointment. For the whole Lago Paranoá catchment and the for Riacho Fundo sub-
catchment it was possible to derive statistically verified multi-component signatures using the 
sediment source data from the sediment sampling campaigns in 2010 and 2011. The collection of 
representative sediment source samples is the key driver of sediment source appointments. Within 
the whole Lago Paranoá catchment the sediment source differentiation included only three main 
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land use categories (urban, agricultural and semi-natural), because of the high variability of land use 
proportion between the five sub-catchments. For example, within the Torto sub-catchment almost 
58% of the area still remains semi-natural, whereas the Riacho Fundo sub-catchment is characterized 
by heavily urbanized areas with various types of urban activities. Beside the greater complexity 
regarding land use the Riacho Fundo sub-catchment represents the “hot spot” of sediment dynamics 
and silting within the whole Lago Paranoá catchment (Menezes, 2010). 
In consequence, for the sub-catchment of the Riacho Fundo the three main sediment source 
categories were subdivided into seven different sub-types, including road infrastructure, residential 
areas and construction sites, roadside ditches, gullies and rural residential areas. Additionally, the 
smaller size of the Riacho Fundo sub-catchment (224 km²) compared to the areas of the whole Lago 
Paranoá catchment (950 km²) allowed collecting sufficient representative source material samples in 
high spatial resolution during two rainy seasons.  
In order to examine the relative contribution of urban, agricultural, and natural areas, and their 
specific subgroups of land use to sediment export from the study catchment over recent time, 
alluvial sediment samples were collected at each tributary, which reach the Lago Paranoá. The sites 
were selected as being regularly inundated during floods and therefore subjected to overbank 
deposition or directly located at active silting zones at the Lago Paranoá.  
It has to be noticed that the fingerprinting approach usually utilize the data from suspended 
sediment samples to examine sediment source contributions. However in this study the data from 
alluvial sediment samples with grain size < 2 mm have been collected, analysed and used for the 
statistical verification procedure as well for the model application. Since sediment mobilization and 
transport is highly dynamic during the rainy season in the study region (Carvalho et al., 2006; 
Gonçalves et al., 2009) and the sediments stem mainly from a quartzitic geological background 
(Freitas-Silva and Campos, 1998), the inclusion of the sand fraction in the sediment source 
appointment was essential to derive reliable source contribution estimates. A further reason was 
that particle size compositions of the sediments in the study region are often modified due to solid 
iron concretions, which are predominantly preserved even during sediment erosion and 
transportation processes. This modification had important implication on source discrimination and 
model setup.   
By using a violation test (Collins, 1997) one can infer the probability of each chosen sediment 
property being adequate to model the relationship between source and alluvial sediment data. The 
upper and lower boundary conditions of this polygon space showed that all chosen sediment 
property values of the alluvial sediment samples fall within the theoretical range determined by the 
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values of all source sediment, including also various types of urban land uses. It was shown that the 
applied two stage statistical selection procedure (Collins, 1997), using the Kruskal-Wallis H-test and a 
stepwise multivariate Discriminant Function Analysis (DFA), was suffient to select the optimum 
combination from the analyzed sediment property data, which passed the violation test. 
Additionally, the source discrimination analyses and the comparison of the results with the natural 
background values confirmed the central findings of the study on geochemical signatures (see 
chapter 5), which showed that the elemental composition of urban and to some degree also 
agricultural sediments are significantly modified. Since the geological background is almost 
homogenous within the Lago Paranoá catchment, urbanization has a great influence sediment 
geochemistry.   
Ideally, a composite fingerprint for discriminating 3 different source categories or 7 sediment source 
types (including land use subtypes within the three main source categories) should consist of only 4 
or 8 properties (one more than there are sources) to fulfil the mathematical demand of the model. A 
further central finding regarding the analyses of the best composite fingerprint within urbanized 
catchments was the fact that the selection of an additional fingerprint property, for example Ca for 
the Riacho Fundo sub-catchment, can significantly improve the discriminative power up to 97,2 %. 
However for the sediment source discrimination within urban catchments an essential fact is that the 
composite fingerprint includes different types of constituents and properties with different origins 
and contrasting controls (Collins and Walling, 2002). For examples the element Ca, which is not a 
natural constituent of the geological background within the Lago Paranoá catchment, provides an 
optimal tracer for anthropogenic influence and can reduce uncertainty ranges for urban source 
discrimination.  
7.3.2 Sediment source appointment 
The main objective of this thesis was to identify the major sediment sources and to quantify the 
relative contribution of the land use specific sediment sources within the Lago Paranoá catchment, 
for assessing the impact of urban land use on sediment generation.  
Therefore, after finding a composite fingerprint with sufficient discriminating power, it is 
consequently used to compare the geochemical signature of potential sediment sources samples, 
subjected to different land uses and to calculate the relative contribution of these individual sources 
to the alluvial sediment deposition at the outlets of the Lago Paranoá.  
To obtain the quantitative sediment source attribution within an urban catchment, a hybrid of the 
multivariate sediment mixing model described by Collins et al. (1997a) and Collins et al. (2010) was 
used. This model consists of a set of optimization algorithms that is constrained by boundary 
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conditions. These constraints are based on the assumption that the fingerprint property 
concentrations in any given outlet sample are dependent upon the concentration of these properties 
in the various source samples and the contribution of the source material to the deposited sediment. 
The innovative value of this model combination lies in the adaption of the set of optimization 
algorithms to the conditions of heterogeneous urban catchments. However, to the author`s best 
knowledge this was the first time that large texture variability between source sediments and 
anthropogenic metal input in source sediments was addressed by hybridization methods for 
enhancing sediment source contribution estimates for urban catchments in the outer tropics. By 
including the discriminatory weighting correction factor (Collins, 2010) and the particle size 
correction factor (Collins, 1997) in the objective function, one can give more weight to both (1) to the 
sediment properties with more predictive power and (2) to well-established relationship between 
particle size and element concentration in sediments (He and Owens, 1995), allowing for a more 
reliable result. Moreover, it is important to note that entering a correction factor in the objective 
function may result in an over-correction of property concentrations of coarser material, when it is 
used in combination with particle size correction (Collins et al., 1997a; Walling et al., 1999). Test runs 
in the urban land use dominated Riacho Fundo sub-catchment showed that the modified model can 
sufficiently reflect local source contribution in urban environments. However, due to the introduced 
combination of the model parameters W i (discriminatory weighting correction factor) and Zs 
(particle size correction factor), the modified objective function should also be transferable to other 
tropical urban catchments.  
Nevertheless, for sediment source apportionment, the biggest issue with the numerical mass balance 
modeling is an uncertainty analysis, including an assessment of the uncertainty associated with the 
predicted mean source proportions. Additionally, this analysis should also test the stability of the 
predictions of the average mean contributions. Therefore, the uncertainty associated with the 
characterization of individual sources, the minimization of the objective function has been calculated 
using 1000 Monte Carlo simulated property concentrations (Collins and Walling, 2007). The mean 
property concentration values and standard deviations were calculated for each property in the 
composite fingerprint, using all samples collected to represent each individual source. These 
parameters were used to compute a set of cumulative Normal distributions. Subsequently, 1000 
property composition means were generated from this normal distribution and entered one by one 
into the mixing model. Finally, the standard error of the mean for the repeat iterations has been used 
to generate 95% confidence limits for the mean relative contributions from the land use specific 
sediment sources. The goodness-of-fit, representing the mean relative error between the measured 
properties of the sediment end-members and those predicted on the basis of the computed source 
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contributions, was calculated to confirm that the mixing model generated meaningful sediment 
mixtures (Walling and Collins, 2000). Consequently, the modified mixing model algorithm was able to 
provide an acceptable prediction of the fingerprint property concentrations associated with the 
deposited sediment samples at the silting zones of the Lago Paranoá. 
The results of the model estimates (presented and discussed in chapter 6) indicate that urban areas 
are the primary sources of sediments. Overall the average contribution from urban areas was around 
85±4 % within the whole Lago Paranoá catchment. However, this significant high mean contribution 
from urban areas within the catchment does not reflect the general characteristic of heavily 
urbanized areas with a high proportion of land sealing, where sediment supply might be limited. In 
fact, the more detailed source appointment within the Riacho Fundo sub-catchment identified that 
most of “urban” sediments originate from residential areas with construction sites and unpaved 
roads. In contrast, the mean contribution from natural areas is only about 10±2 %, even if more than 
50 % of the catchment area has (semi-) natural vegetation cover. These results indicate that surface 
erosion of cerrado or campo soils (natural areas) is restricted by the litter layer and undergrowth, 
which reduces erosion even along more excavated natural gullies. The land use specific contribution 
to the sediment accumulation in the silting areas of the Lago Paranoá water reservoir promote the 
hypothesis that erosion during the rainy season is strongest at sites where ground or soil is exposed 
bare and sediment transport can occur with fewer barriers, such as grass strips or local sediment 
detention barriers around construction sites in urban areas. 
One of the strengths of this study is the use of two independent procedures to identify tracers, which 
could evaluate sediment-source contribution to the deposited sediment at the silting area of the 
Lago Paranoá water reservoir. The sources of sediment quantified in this study were informative for 
the time period during which the analysis was conducted. However, the agglomeration of Brasília is a 
fast growing area with a rapid urbanization. If land use changes over the time, the results of 
sediment-fingerprinting analysis will also change. Therefore, the proportion of sediment derived 
from the different source types are depended on the timing of sampling. This highlights the problems 
associated with the use of spot samples of source materials to establish the relative importance of a 
potential sediment source.  
Nevertheless, even the model estimates are based on a restricted number of sampling sites and also 
might have uncertainties regarding the spatial resolution of source sediment samples, the results of 
land use specific source contributions to the sediment deposition in the silting areas of the Lago 
Paranoá indicated unambiguously that the primary sources are urban areas. Despite their limitations, 
the results presented in this thesis serve to demonstrate the potential of the fingerprinting approach 
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in establishing the relative contributions of a number of sediment sources to the sedimentation area 
of a water reservoir, even complicated by the presence of varies types of urbanised areas. 
7.4 Future research questions and tasks  
The results of the geochemical analyses and sediment properties indicated that urban activities have 
a significant impact on metal accumulation in source and alluvial sediment. However, the 
geochemical analyses are only representative for the respective sample data set and might depend 
on the sampling locations and sampling period. During the time of conducting the studies only a 
limited number of sediment samples could be collected and analyzed. This shortcoming was 
addressed by generating high confidence levels of the geochemical signature of each sediment 
sample to be representative for the respective land use type. Although the inter-variance of the 
element concentrations are significantly smaller than the total variance of a land use type, the 
transfer of the modeled element patters to any location and at any time within the Lago Paranoá 
catchment have been proved in future case studies.  
Moreover, since runoff, soil erosion and subsequent transport of sediment is strongly related to 
heavy rainfalls, the integration of local precipitation patterns within the sub-catchments would 
improve the evaluation of terrestrial metal inputs due to human impact. In absence of high-quality 
precipitation data in high temporal (e.g. days) and spatial resolution, the terrestrial metal input 
values could not related to intra- and inter-variations of precipitation events between the five sub-
catchments. Therefore, even if the regression analyses showed that terrestrial metal inputs are 
positive correlated to the area of urban land use (e.g. for the Riacho Fundo sub-catchment R²= 0.89), 
the sampling data provided only trends for the respective sampling period.  
Consequently, future studies should examine (i) the input and sediment associated loads of organic 
pollutants, (ii) the changes in the sediment contribution over the time and (iii) to assess the impact of 
improved urban land management on catchment sediment yields. 
Additionally, the developed fingerprinting approach provided a basic tool for sediment source 
appointments within urban catchments. Further research and model applications are needed to 
validate model estimates. Particularly the transfer to other regions with similar problems about 
sediment characteristics and dynamic will improve sediment model solutions.   
Based on the results of this thesis the establishment of a sediment monitoring network with high 
temporal resolution will be an essential element to understand the effects of urbanization and soil 
management on sediment generation and to provide detailed information on metal pollution of 
sediments and water.  
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Although sediment sources and sediment associated pollution loads are only two aspects of IWRM 
among many, this work showed yet again, the importance to consider sediments in future water 
quality management at the watershed scale in the DF. 
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